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A b s t r a c t
The? L l y n  a r e a  o f  N o r t h  W a le s  h a s  l a t e  P r e c a m b r i a n  and  
Lower P a 1 a e o z o i c  s e d i  m e n t a r y and v o l c  a n i  c f  o r  mat i  ons  
i n t o  w h ic h  a r e  e m p la c e d  a b o u t  t w e n t y  i n t r u s i o n s .  T h e s e  
v a r y  i n  c o m p o s i t i o n  f rom  m i c r o t o n a l i t e  t o  m i c r o g r a n i t e  
and a r  e c 1 o s e l y a s s o c i  a t e d  w i t h  C a r a d o c i a n  v o l c a n i  c 
r  oc ks  whi ch i n c 1ude  a n d e s i t i  c and b a s a l t i  c 1 a v a s .
M a j o r  and t r a c e  e l e m e n t  a n a l y s e s  show t h a t  t h e  
i n t r u s i o n s  can be  d i  v i d e d  i n t o  f i  ve  q r oup s ; a 
p e r a l k a l i n e  g r o u p  w i t h  h i g h  Z r / N b  r a t i o s  and f o u r  
i n t e r m e d i a t e  g r o u p s .  P e t r o g e n e t i c  m o d e l l i n g  u s i n g  t h e  
h i g h  f i e l d  s t r e n g t h  e l e m e n t s  Mb and Zr  s u g g e s t s  t h a t  t h e  
i  n t  r  u s i  on s c o u 1 d r e s u I t  f  r  om 50% f r a c t i o n a 1
c r  y 5 1 a 11 i  s a t  i. o n o f  p 1 a g i  o c 1 a s e  a n d / o  r
c l i n o / o r t h o p y r o x e n e  a n d / o r  h o r n b l e n d e  f rom b a s a l t  magmas 
such  a s  L L 1 4 2  o r  L L 1 4 3 .  T h i s  i s  c o n s i s t e n t  w i t h  the? 
l a v a s  and t h e  i n t r u s i o n s  b o t h  b e i n g  o f  O r d o v i c i a n  a g e .
The  most l i k e l y  s e t t i n g  f o r  t h e  l a v a s  and t h e  i n t r u s i o n s  
i s  a c o m p le x  m a r g i n a l  b a s i n  e n v i r o n m e n t  d o m i n a t e d  by  E--W 
e x t e n s i o n .
C o n t e n t s
Ch ap t e r  1 I n t  r  oduc t  i  on
C h a p t e r  2  F i e l d  r e l a t i o n s  o f  t h e  i n t r u s i o n s  and  
a s s o c i a t e d  l a v a s .
C h a p t e r  3 P e t r o g r a p h y  o f  t h e  i n t r u s i o n s  and a s s o c i a t e d  
1a v a s  a
C h a p t e r  4 M i n e r a l o g y  o f  t h e  i n t r u s i o n s  and a s s o c i a t e d  
l a v a s .
C h a p t e r  5  C h e m i s t r y  o f  t h e  i n t r u s i o n s  and a s s o c f c t t e d  
l a v a s .  if//,.
C h a p t e r  6  P e t r o g e n e t i c  m o d e l l i n g  and d i s c u s s i o n .  
C h a p t e r  7  T e c t o n i c  s e t t i n g .
C h a p t e r  8 C o n c l u s i o n s  
A p p e n d ix  1 M i c r o p r o b e  d a t a
A p p e n d ix  2  A n a l y t i c a l  m e th o d s  and r e s u l t s  o f  a n a l y s e s  
o f  s t a n d a r d  r o c k s
A p p e n d i x  3 S a m p le  l o c a l i t i e s  w i t h  b r i e f  i n d i c a t i o n  o f
m i n e r a l  c o n t e n t
App en d i x  4 An a 1 y t  i c a l  d a t a
L i s t  o f  f i g u r e s
F i g u r e  1» Map s h o w in g  t h e  g e o l o g y  o f  L l y n  and t h e  
l o c a t i o n  and d i s t r i b u t i o n  o f  t h e  i n t r u s i o n s  and l a v a s  
( b ase d  on C a t t e r m o 1e and Roma n o , 1 9 8 1 ) .
F i g u r e  2 .  S t r a t i g r a p h i c a l  s e c t i o n s  o f  t h e  g e o l o g y  o f  
L 1 y n s h o wi n g t h e  v o l e a n i c  s u c c e s s i o n ; a )  i n  t h e  n o r t h ; 
b ) i n  t h e  s o u t h .
F i g u r e  3 .  S t r u c t u r a l  matp o f  t h e  a r e a  ( a f t e r  
R o b e r t s , 1 9 7 9 ) .
F i g u r e  4 .  S u g g e s t e d  f a u l t i n g  e v e n t s  a f f e c t i n g  t h e  ' e a r l y
g r a n o d i o r i t e  i n t r u s i o n s ' a c c o r d i n g  t o  T r e m l e t t , ( 1 9 7 0 ) .
F i g u r e  5 .  Map o f  C a r r e g - y - D e f a i d  a r e a , ( F i t c h , 1 9 6 7 ) .
F i g u r e  6 .  P l a t e  t e c t o n i c  m o d e ls  a )  F i t t o n  and Hughes  
( 1 9 7 0 ) ; b ) C r o u d a c e  ( 1 9 8 0 ) : c ) K o k e 1 a a r  ( 1 9 8 8 ) .
F i g u r e  7 .  P h o t o m i c r o g r a p h  o f  Bwlch  Mawr g r a n o d i o r i t e  
L L S O .T h e  a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  
i s  h i g h l y  a l t e r e d  and shows v e r y  s e r i c i t i s e d  f e l d s p a r s  
( f ) .
F i g u r e  8 .  Photom i  c r o g r a p h  o f  Garn F a d r o n  LL_ 1 0 4 .  The  a r e a  
o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  shows a  
h i g h l y  a l t e r e d  p l a g i o c l a s e  p h e n o c r y s t  ( p )  i n  a 
groundm a ss  c o n t a i n i n g  a p a t i t e  c r y s t a l s  ( a ) .
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F i g u r e  9 .  P h o t o m i c r o g r a p h  o f  G a r n f o r  g r a n o d i o r i t e  L L l .  
The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  
shows a p h e n o c r y s t  o f  p l a g i o c l a s e  Cp) w i t h  c l u s t e r s  o f
I
a m p h i b o l e  ( a )  i n  a f i n e  g r a i n e d  g ro u n d m a s s .
F i g u r e  1 0 .  P h o t o m i c r o g r a p h  o f  G a r n f o r  t o n a l i t é  L L I O .  The  
a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  shows a 
c l u s t e r  o f  p l a g i o c l a s e  ( p ) and a m p h ib o 1 e p h e n o c r y s t s  ( a ) 
( w i t h  m in o r  a l t e r a t i o n  t o  s e r i c i t e )  i n  a g ro u n d m a s s  
c o a r s e r  g r a i n e d  t h a n  F i g u r e  7 a .
F i g u r e  1 1 .  P h o t o m i c r o g r a p h  o f  P e n r h y n  B o d e i l a s  
m i c r o g r  a n o d i o r i t e  L L 6 6 . The  a r e a  o f  f i e l d o f  v i  ew i s  15  
X 10mm. The s e c t i o n  s hows p o r p h y r i t i c  c 1u s t e r s  o f  
a m p h i b o l e  ( a ) , p y r o x e n e  ( p )  and f e l d s p a r ( f ) .  A p a t i t e  ( e ) 
and z i r c o n  ( z ) can be s een  i n  t h e  g ro u n d m a s s .
F i g u r e  12 .  P h o t omi c r o g r a p h  o f  Gurn Ddu g r a n o d i o r i  t e  
L L 7 7 .  The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The  
s e c t i o n  shows f e l d s p a r  ( f ) ,  s e r i c i t i s e d  and c 1u s t e r s o f  
p y r o x e n e s  ( p ) .
F i g u r e  1 3 .  P h o t o m i c r o g r a p h  o f  Manhoron  g r a n o p h y r e  L L 3 8 .
The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  
shows t  he  g r  a n o phy r i  c t  e x t  u r  e .
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F i g u r e  14 .  P h o t o m i c r o g r a p h  o f  L l a n b e d r o g  p o r p h y r i t i c  
g r a n i t e  L L 6 3 .  The  a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm.
The s e c t i o n  shows t h e  p e r t h i t i c  ( p )  i n t e r g r o w t h  and  
g r a n o p h y r i c  t e x t u r e .
F i g u r e  15.  P h o t o m i c r o g r a p h  o f  Garn  P e n t y r c h  g r a n o d i o r i t e  
L L l 2 5 .  The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The  
s e c t i o n  shows a c l u s t e r  o f  f e l d s p a r  ( f ) and a l t e r e d  
p h e n o c r y s t s  ( p ) i n  a v e r y  f i n e  g r a i n e d  m a t r i x .
F i g u r e  16 .  P h o t o m i c r o g r a p h  o f  G arn  Boduan t o n a l i t é  
L L l 3 0 .  The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The  
s e c t i o n  shows p h e n o c r y s t s  o f  f e l d s p a r  ( f ) and p y r o x e n e  
( p ) i n  a f i n e  g r a i n e d  g ro u n d m a s s  w h ic h  i s  d i r e c t i o n a l  
a r o u n d  t h e  c 1 u s t e r s .
F i g u r e  1 7 .  P h o t o m i c r o g r a p h  o f  Moel y  Penmaen l a v a  L L l 4 5 .  
The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  
shows p l a g i o c l a s e  p h e n o c r y s t s  ( p )  ( s e r i c i t i s e d )  i n  a
f i n e  g r a i n e d  m a t r i x  o f  s e r i c i t i s e d  p l a g i o c l a s e ,  
c h l o r i t e ,  F e - T i  o x i d e  and p y r o x e n e  ( p x ) .
F i g u r e  18 .  P h o t o m i c r o g r a p h  o f  b a s a l t  L L l 4 2 .  The a r e a  o f  
f i e l d  o f  v i e w  i s  15 x 10mm. The  s e c t i o n  shows  
p h e n o c r  y s t  s o f  a u g i t e  ( a ) a n d p l a g i  o c 1 a is e ( p ) i n a f  i n e 
g ro u n d m a ss  o f  f e l d s p a r  l a t h s .
F i g u r e  1 9 .  The W o -F s -E n  t e r n a r y  d i a g r a m  s h o w in g  t h e  
e v o l u t i o n a r y  t r e n d s  o f  m i n e r a l s  i n  t h e  L l y n  i n t r u s i o n s .  
The c r y s t a l l i s a t i o n  t r e n d s  o f  o r t h o - -  and c l i n o p y r o x e n e s  
f ro m  some T e r t i a r y  a c i d  g l a s s e s , ( C a r m i c h a e l , 1 9 6 0 )  a r e  
shown f o r  c o m p a r i s o n  (d a s h e d  l i n e s ) . C l o s e d  and open  
s q u a r e s  r e p r e s e n t  p h e n o c r y s t  and g ro u n d m a s s  m i n e r a l s  
r e s p e c t i v e l y . S q u a r e s  -  I n n e r  G a r n f o r  t o n a l i t é ;  Open 
s t a r s  -  P e n r h y n  B o d e i l a s ;  (b a s e d  on C r o u d a c e , 1 9 8 1 ) ;
C1osed c i r c l e s  -  L L 142  b a s a l t  ( t h i s  s t u d y ) .
F i  g u r  e 2 0 „ A b -  A n G r  t  e r  n a r y  d i  a g r  a m s h o w in g  t  h e 
e v o l u t i o n a r y  t r e n d s  o f  m i n e r a l s  i n  t h e  L l y n  
i n t r u s i o n s . ( S y m b o l s  as  i n  F i g u r e  1 9 ) . B ro k e n  l i n e s  f rom  
T e r t i a r y  a c i d  g l a s s e s  ( C a r m i c h a e l , 1 9 6 0 ) .  C i r c l e s  -  L L l 4 2  
b a s a l t  ( t h i s  s t u d y ) .
F i g  u r  e 2 1 .  P I  o t  o f  S i  0 a- a g a i n s t  A1 a  0 f  o r  
c l i n o p y r o x e n e s  f ro m  t h e  b a s a l t  L L 1 4 2 . T h e  b r o k e n  l i n e s  
s e p a r a t e  3 g r o u p s  o f  c l i n o p y r o x e n e  c o m p o s i t i o n . A ,  
n o n - a l k a l i ne  ( t h o i e i i t i c ,  h i g h  a l u m i n a  and  
c a l c - a l k a l i n e ) ;  B , a l k a l i n e  l a v a s  and C, p e r a l k a l i n e  
l a v a s  ( L e  B a s , 1 9 6 2 ) .
F i g u r e  2 2 .  P l o t  o f  Na-a-O -i- K^O a g a i n s t  S i O a .  The  
i n t r u s i o n s  fo rm  d i s t i n c t  g r o u p s  w h ic h  f a l l  i n  f i e l d s  
i d e n t i f i e d  a s  m o n z o n i t e s ,  g r a n i t e s ,  g r a n o d i o r i t e s ,  
s y e n i t e s  and d i o r i t e s .  The v o l c a n i c  r o c k s  f a l l  i n  f i e l d s  
i d e n t i f i e d  a s  b a s a l t ,  b a s a l t i c  a n d é s i t e  and a n d é s i t e .
0 n 1 y d a t a  f ro m  t h i s  s t u d y i s  p 1 o 1 1 e d „
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F i g u r e  2 3 .  M a r k e r  d i a g r a m  s h o w in g  m a jo r  o x i d e s  a g a i n s t  
S i O a .  S y m b o ls  a s  i n  F i g u r e  2 2 . D a t a  f rom  C r o u d a c e  ( 1 9 8 1 )  
i n c l u d e d .
F i g u r e  2 4 .  M a r k e r  d i a g r a m  s h o w in g  t r a c e  e l e m e n t s  a g a i n s t  
S i O a .  S ym bols  as  i n  F i g u r e  2 2 .  D a t a  f ro m  C r o u d a c e  
( 1 9 8 1 )  i n c 1ud ed «
F i g u r e  2 5 .  C l a s s i f i c a t i o n  a c c o r d i n g  t o  Z a n n e t t i n  ( 1 9 8 8 )  
s h o w in g  t h e  f i e l d s  i n  w h ic h  t h e  l a v a s  a r e  c o n t a i n e d .
On1 y d a t a  f r  om t h i s  s t u d y  i s  p 1 o t t e d .
F i g u r e  2 6 .  A d d i t i o n  -  s u b t r a c t i o n  d i a g ram u s i n g  L L 142  
( b a s a l t )  and an a v e r a g e  Manhoron  c o m p o s i t i o n  ( L L 3 9 ) .
F i g u r e  2 7 .  AFM d i a g r a m .  The d a s h e d  l i n e s  s e p a r a t e  
t  h o 1 e i  i  t  i  c ( T M ) f  r  o m c a 1 c a 1 k a l i n e  ( C A) as  s o c i  a t  i  o n s 
u s i n g  t h e  c r i t e r i a  o f  I r v i n e  and B a r a g a r  ( 1 9 7 1 ) . S y m b o ls  
a s  i n  F i g u r e  2 2 ,  D a t a  f ro m  Cr c u d a c e  ( 1 9 8 1 )  i n c 1 u d e d .
F i g u r e  2 8 .  P l o t  o f  Mb a g a i n s t  Z r .  S ym bols  as  i n  F i g u r e  
2 2 .  Dat a  f ro m  C r o u d a c e  ( 1 9 8 1 )  i n c l u d e d .
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F i g u r e  2 9 .  Q - O r - A b  s y s te m  s h o w in g  p o s i t i o n s  o f  c o t e c t i c  
l i n e s  and m in im a  o r  t e r n a r y  e u t e c t i c s  f o r  o f
0 . 5 , 1 , 3  and S k b a r s .  The p o s i t i o n s  o f  t e m p e r a t u r e  m in im a  
on t h e  q u a r t z - f e l d s p a r  c o t e c t i c  l i n e  a r e  i n d i c a t e d  by  
m ,and e i n d i c a t e s  t h e  p o s i t i o n  o f  a t e r n a r y  e u t e c t i c  
b e tw e e n  q u a r t z  and tw o  f e l d s p a r s .  S ym b o ls  as  i n  F i g u r e
F“i g u r e  3 0 .  T r e m l e t t  ( 1 9 7 2 )  g r o u p i n g  o f  t h e  i n t r u s i o n s .
F i g u r e  3 1 .  C r o u d a c e  ( 1 9 8 1 )  g r o u p i n g  o f  t h e  i n t r u s i o n s .
F i g u r e  3 2 .  G r o u p i n g  o f  t h e  i n t r u s i o n s  a c c o r d i n g  t o  t h i s
s t u d y .
F i g u r e  3 3 .  Zr  a g a i n s t  Y d i a g r a m  w i t h  v e c t o r s  f o r  10% 
p a r t i a l  m e l t i n g  o f  s h a l e .  S ym b o ls  a s  i n  F i g u r e  2 2 .  D a t a  
f r om t h i s  s t u d y o n 1 y «
F i g u r e  3 4 .  P l o t  o f  V a g a i n s t  Z r .  The  v e c t o r s  a r e  f o r  50% 
f r a c t i o n a l  c r y s t a l l i s a t i o n .  S ym b o ls  as  i n  F i g u r e  2 2 .
D a t  a f ro m  t h i s  s t u d y o n 1 y .
F i g u r e  3 5 .  P l o t  o f  Nb a g a i n s t  Z r . The v e c t o r s  a r e  f o r  
50% f r a c t i o n a l  c r y s t a l l i s a t i o n .  S ym bols  as  i n  F i g u r e  2 2 .
D a t  a f  r  om t h i s  s t u d y o n 1 y .
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F i g u r e  3 6 .  P l o t  o f  Sr  a g a i n s t  Ba.  The  v e c t o r s  a r e  f o r  
50% f r a c t i o n a l  c r y s t a l l i s a t i o n .  S y m b o ls  a s  i n  F i g u r e  2 2 .  
D a t a  f ro m  t h i s  s t u d y  o n 1 y .
F i g u r e  3 7 .  P l o t  o f  Rb a g a i n s t  S r .  The v e c t o r s  a r e  f o r  
50% f r a c t i o n a l  c r y s t a l l i s a t i o n .  S ym b o ls  as  i n  F i g u r e  2 2 .  
D a t a  f rom  t h i s  s t u d y  o n 1 y .
F i g u r e  3 8 .  P l o t  o f  Mb a g a i n s t  Y.  The v e c t o r s  a r e  f o r  5 0  
% f r a c t i o n a l  c r y s t a l l i s a t i o n .  S ym bols  as  i n  F i g u r e  2 2 .  
D a t a  f ro m  t h i s  s t u d y  o n l y .
F i g u r e  3 9 .  P l o t  o f  Zr a g a i n s t  T i O #  s h o w in g  f i e l d s  o f  a r c  
and w i t h i n - p l a t e  l a v a s  ( P e a r c e , 1 9 8 0 ) .  L i n e  A-B  s e p a r a t e s  
b a s a l t s  f ro m  a c i d  and i n t e r m e d i a t e  r o c k s .
F i g u r e  4 0 .  P l o t  o f  Y a g a i n s t  Mb s h o w in g  f i e l d s  o f  a r c ,  
oc ea n  r i d g e  and w i t h i n - p l a t e  g r a n i t e s .  ( P e a r c e  e t  
a l , 1 9 8 4 ) .  S ym bols  as  i n  F i g u r e  2 2 .  D a t a  f rom  t h i s  s t u d y
on 1 y  i s  p 1 o 1 1 e d .
F i g u r e  4 1 .  P l o t  o f  Y + Nb a g a i n s t  Rb s h o w in g  f i e l d s  o f  
s y n - c o l l i s i o n , wi t F i i n - p  1 a t e , a r c  and o c e a n  r  i  d g e 
g r  a n i t es  ( P e a r c e  e t  a l , l 9 8 4 ) . Symb o 1 s a s i  n F i  g u r  e 2 2 .  
D a t a  from t h i s  s t u d y  o n 1 y i s  p i o t t e d .
C h a p t e r  1.
I n t r o d u c t i o n
The  L l y n  a r e a  c o m p r i s e s  l a t e  P r e c a m b r i a n  and Lower  
P a l a e o z o i c  s e d i m e n t a r y  and v o l c a n i c  f o r m a t i o n s  i n t o  
w h ic h  o v e r  t  went y g r a n i t o i d  i n t r  u s i o n s  h a v e  been  
emp1 ac ed ( F i g u r  e 1 ) .
The  o l d e s t  r o c k s  o f  L l y n  a r e  r e f e r r e d  t o  as  t h e  M o n ia n  
S u p e r g r o u p  o f  l o w - g r a d e  m e t a s e d i m e n t a r y  r o c k s ,  w h i c h  a r e  
o f  L a t e  P r e c a m b r i a n  t o  e a r l y  C a m b r ia n  a g e .  D e f i n i t e  
C a m b r ia n  r o c k s  c r o p  o u t  i n  t h r e e  a r e a s ,  t h e  most
cornpl e t e  Camb r  i  an s e q u e n c e o c c u r r i n g  a r o u n  d S t . T u d w a l ' s  
Road ( F i g u r e  1 ) .  O r d o v i c i a n  r o c k s  a r e  b e l i e v e d  t o
u n d e r l i e  most o f  L l y n .  I n  t h e  e a s t , n e a r  C r i c c i e t h , 
Lower O r d o v i c i an A r e n i g s e d i m e n t s  une on f o r  mab1 y o v e r  1 i e  
Upper  C a m b r ia n  r o c k s  and i n  t h e  w e s t ,  t h e y  p r o g r e s s i v e l y  
o v e r s t e p  Camb r  i an b e d s . Rock s o f  M i d d l e  O r d o v i c i an 
L l a n d e i l o  a g e  seem t o  be  a b s e n t  i n  t h e  L l y n  b u t  t h e
C a r a d o c i a n  and A s h g i I l i a n  a r e  w e l l  r e p r e s e n t e d .  V o l c a n i c  
r o c k s  a r e  a b u n d a n t  w i t h i n  t h e  O r d o v i c i a n .  L a v a s  and  
p y r o c l a s t i c  r o c k s  w e r e  e r u p t e d  d u r i n g  t h e  C a r a d o c i a n
t h r o u g h o u t  L l y n . C a r a d o c i a n  v o l c a n i c  r o c k s  c o n s i s t  m a i n l y  
o f  a n d e s i t i c  and r h y o l i t i c  l a v a s ,  i g n i m b r i t e s  and
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F i g u r e  2 ,  S t r a t i g r a p h i c a l  s e c t i o n s  o f  t h e  g e o l o g y  o f  
L. l y n  £:> 1 ( L.i w i  n g t h e  l. cin i  c su e  c e s s j .  ori ; a ,) i n  t  li E) r tc o ' t f )  
b) i n  t h e  s o u t h .
COR d« it« l-grug intruskxi 
CDR dwreg y defaW rtrycjfta
r o c k s  a r e  s p a r s e l y  r e p r e s e n t e d  and can o n l y  be found  
n e a r  L l a n y s t u m d w y  w h e re  L l a n d o v e r y  s e d i m e n t s  o c c u p y  t h e  
c o r e  o f  a s y n c l i n e . T h e  O r d o v i c i a n  and S i l u r i a n  r o c k s  
h a v e  e x p e r i e n c e d  e p i s o d e s  o f  C a l e d o n i a n  f o l d i n g  and  
f a u l t i n g  ( F i g u r e  3 ) .  T h e r e  w e r e  t wo mai n  e p i s o d  es  o f  
f a u l t i n g  ; o n e  p o s t - O r d o v i c i a n  p r e - S i l u r i a n  and t h e
o t  h e r  p o s t - S i  1u r i a n  -—  p r e - D e v o n i a n ,
The  g r a n i t o i d  i n t r u s i o n s  a r e  f i n e - g r a i n e d
q u a r  t  z - l a g i  o c 1 a s e a 1 k a l  i  -  f  e 1 d s p a r  -i- /  -  b i  o t i t e
^ / - h o r n b l e n d e  - i - / - p y r o x e n e  m i c r o t o n a l i t e s ,  and s u b -  and  
p e r a l k a l i n e  m i c r o g r a n i t e s .  They  a r e  now g e n e r a l l y  
r e g a r d e d  as  O r d o v i c i a n  i n  a g e ,  and fo rm  s t o c k s  o f  l e s s  
t h a n  f i v e  s q u a r e  k i l o m e t r e s  i n  o u t c r o p  a r e a .  The  
i n t r u s i o n s  may be d i v i d e d  i n t o  tw o  g e o g r a p h i c  g r o u p s :
On t h e  n o r t h  c o a s t  a l i n e  o f  i n t r u s i o n s  form  
p r o m i n e n t  h i l l s  b e t w e e n  C l y n n o g  Fawr and N e f y n :  
( F i g u r  e 1) 1 . Bw1 c h Maw r ; 2 . Gur nGoc h ; 3 . Gar n f  o r  ; 
4 „ Y r  E i f l ;  S . P e n r h y n G l a s ;  S .M y n yd d  N e f y n ;
7 . P e n r h y n  B o d e i l a s ;  8 . G arn  Boduan; 1 6 . F o r t h  y N a n t ,  
1 7 . P i s t y l l  and I S . G u r n  Ddu.
To t h e  s o u t h  o f  N e f y n ,  a s ec o n d  g r o u p  o f  i n t r u s i o n s  
f  o r  m an o t  h e r  l i n e  o f  h i 1 1 s  t  r  en d i  n g NW-SE:
9 . G a r n F a d r o n ; 1 0 . Nanhor  on ; 1 1 . M y n y t h o ;  1 2 . F o e l
G ro n ;  1 3 . L l a n b e d r o g ;  and 1 4 . Garn  P e n t y r c h .
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F i g u r e  3 .  S t r u c t u r a l  map o f  t h e  a r e a  ( a f t e r  
R o b e r t s , 1 9 7 9 ) .
T h e r e  h a s  been c o n s i d e r a b l e  r e s e a r c h  on t h e  g e o l o g y  o f  
t h e  L l ^ n  r e g i o n  s i n c e  t h e  e a r l y  work  o f  such e m in e n t  
g e o l o g i s t s  a s  M a r k e r  and S e d g w ic k  i n  t h e  1 8 8 0 ' s . M a t l e y  
( 1 9 3 8 ) ,  Mat l e y  and H e a r d ( 1 9 3 8 )  mapped s e v e r a l  a r e a s  
i n c l u d i n g  t h e  w h o l e  o f  t h e  P r e c a m b r i a n  o u t c r o p ,  
ci e c:- c r i b i  n g t h e  r  o c k s  i n  d e t a i l  and p r e s e n t i n g  s o m e 
g e o c h e m i c a l  d a t a .  F u r t h e r  d e t a i l e d  m app ing  and  
p e t r o g r a p h y  was c a r r i e d  o u t  by T r e m l e t t
( 1 9 6 2 , 1 9 6 4 , 1 9 6 5 , 1 9 7 0 , 1 9 7 2 ) ,  F i t c h  ( 1 9 6 7 )  and R o b e r t s  
( 1 9 8 1 ) y w h i 1e Cr c u d a c e ( 1 9 8 1 )  u n d e r  t  oo k a mor e d e t a i l e d  
g e o c h e m i c a l  s t u d y  o f  t h e  i n t r u s i o n s  and t h e  a n d e s i t i c  
l a v a s  i n  t h e  a r e a  o f  Moel y P e n m a e n , ( 1 5  on F i g u r e  1 ) . The  
p o s s i b l e  a g e s  o f  t h e s e  i n t r u s i o n s  h a v e  been d i s c u s s e d  by  
T r e m l e t t  ( 1 9 6 2 , 1 9 6 4 , 1 9 7 0 , 1 9 7 2 ) , Thomas and B r i den ( 1 9 7 6 )  
and C r o u d a c e  ( 1 9 8 1 ) .  Over  a p e r i o d  o f  t i m e  ( 1 9 6 2  -  1 9 7 2 )  
T r e m l e t t  e x a m in e d  b o t h  t h e  v o l c a n i c  and p l u t o n i c  r o c k s  
o f  t h e  a r e a . I t  i s  d i f f i c u l t  t o  s u m m a r is e  h i s  work  
c l e a r l y  b e c a u s e  o f  t h e  t e r m i n o l o g y  he  used t o  c l a s s i f y  
t h e  i n t r u s i o n s ;  e . g . h i s  ' e a r l y /  g r a n o d i o r i t e  s u i t e  he  
s t a t e d  t o  be  C a l e d o n i a n  i n  a g e . H o w e v e r  an a t t e m p t  h a s  
been made t o  s u m m a r is e  h i s  f i n d i n g s .
On t h e  b a s i s  o f  g e o c h e m i c a l  and s t r u c t u r a l  i n f o r m a t i o n  
T r e m l e t t  r e c o g n i s e d  tw o  d i s t i n c t  g r o u p s  o f  g r a n i t o i d s  
(n u m b e rs  i n  b r a c k e t s  r e f e r  t o  F i g u r e  1 ) ; -  ^
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1 . Or d o v i  c i  an i n  a g e :
Gur n Goc h ( 2 ) , Myn y t  h o ( 11 ) , L .1. ain bed r  og ( 1 3 ) ,
Nanh o r o n ( 1 0 )  and Foe  1 G r o n ( 8 ) ;
2 .  C a 1 e d o n i  a n ( e a r  1 y D e v o n i  a n ) i  n a g e :
Mynydd N e f  y n ( 6 ) ,  P e n r h  yn B o d e i 1 a s ( 7 ) ,
P o r t h - y - N a n t ( 1 6 ) ,  P e n rh y n  G1as ( C a r r e g - y - y L l am) ( 5 ) ,  
Garn F a d r o n ( 9 ) ,  Gurn D d u ( 1 8 ) ,  Bwlch  M a w r ( l ) ,  Yr  
E i f l ( 4 ) ,  G a r n f o r ( 3 )  and Garn  B o d u a n ( 8 ) „
He s t a t e d  t h a t  t h e r e  w e r e  s i g n i f i c a n t  g e o c h e m i c a l
d i  f f e r e n c e s  b e t w e e n  t h e  i  n t r u s i  ons w h ic h  1 ed !■ ii m t o  
d i s c r i m i n a t e  b e tw e e n  t h o s e  o f  O r d o v i c i a n  ag e  and t h o s e  
emp 1 a ced  d u r i n g t h e  e a r 1 y De v o n i a n , i . e .  t h e y w e r e
e m p la c e d  a f t e r  t h e  m ain  C a l e d o n i a n  d e f o r m a t i o n  o f  t h e  
a r e a a nd i n  c l o s e a s s o c i a t i on w i t h , o r  a f t e r ,  e p i s o d e s  o f  
l a t e  C a l e d o n i a n  f a u l t i n g .
T r  e m l e t t  f u r  t  h e r  s u b —d i v i d e d  t he  C a l e d o n i a n  i n t r  u s i o n s
i  n t  o an ' e a r l  y ' s u i t e  o f  g r a n  od i o r  i t  es  and t  h e
G a r n f o r / Y r  E i f l  c o m p l e x ,  m a i n l y  on t h e  b a s i s  o f  f a u l t i n g  
e v i d e n c e  b u t  a l s o  i n c l u d i n g  m a jo r  e l e m e n t  c h e m i s t r y  and  
p e t  r  ogr  a p h y .. He s u g g e s t  ed t  he  f o l  1 owi ng t  i  me
r e l a t i o n s h i p s  ( F i g u r e  4 ) : -
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Figure 4 .  Suggested fa u l t in g  events  a f f e c t in g  the e a r ly  
g ra n o d io r i te  In trus ions according to T r e m l e t t , (1970)
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1 « Emp 1 ac emen t  o f  g r  anod i  o r  i  t e  s u i t e  ( Gar n F ad r  on j. 
Gurn Ddu, P e n r h y n  G l a s  ( C a r r e g - y - L l a m ) ,  F o r t h  y 
N a n t ;  Mynydd N e f y n )  ( F i g u r e  4 a ) ;
2 .  D e x t r a l  s t r i k e - s l i p  movements  E-W ( F i g u r e  4 b ) ;
3 .  S i n i s t r a l  f a u l t i n g  d i s r u p t i n g  some i n t r u s i o n s  
( C a r r e g - y - L l a m ,  Gurn Ddu, Mynydd N e f y n ) ( F i g u r e  4 c ) ;
4 . Di s r u p t i o n  o f  t h e  e a r  1 i e r  f a u l t s  ( F i g u r e 4 d ) by  
NNW s i n i s t r a 1 m o v em e n ts » Emp1 ac ement o f  f e l s i t es  
( Yr E i  f  1 ) up NNW-SSE s i n i s t r a 1 f a\u 1 1 s f o  11 o wed by  
i n t r u s i o n  o f  t h e  G a r n f o r  s u i t e .  D i p - s l i p  m ovements  
a l o n g S i  1 u r i a n  o r  D e v o n i a n  f a u l t s .
T r e m l e t t  ( 1 9 7 0 )  c o n s i d e r e d  t h a t  t h e  ' e a r l y '  s u i t e  and  
t h e Ga r n f o r  s u i  t e d i  sp 1 a y e d  a c h e rni c a l  e vo 1 u t  i  on w h i c h 
d e v e l o p e d  a t  d e p t h .  He s u g g e s t e d  t h a t  t h e  c h e m i c a l  
e v o l u t i o n  was c a u s e d  by t h e  p r o g r e s s i v e  c o n t a m i n a t i o n  o f  
an a c i d  magma by  a b a s i c  r o c k  a t  d e p t h .  He b a s e d  t h i s  
v i e w  on t h e  a p p a r e n 1 1 y i n c r e a s i n g a b u n d a n c e o f  d o l e r i t e  
x e n o l i t h s  f ro m  t h e  m i c r o g r a n o d i o r i t e  t o  t o n a l i t é  r o c k s  
and on go o d c o r r e 1 a t i o n s  on t h e  Ha r k e r  d i  a g r a m s f o r  
s a m p le s  r a n g i n g  f ro m  b a s i c  t o  a c i d  i n  c h e m i c a l  
composi  t  i  o n .
By c o n t r a s t ,  C r o u d a c e  ( 1 9 8 1 )  c o n c l u d e d  t h a t  t h e  a l l  
qr  a n i t e s  wer e c o n t empo r a n e c u s  wi t h  t h e  O r d o v i c i a n
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1a v a s , a n d  t h a t  t h e ge o c h e m i c a l  v a r i a t i o n s a r e  c o n s i s t e n t  
w i  t  h t  h e f o r  mat i  on o f  t h e  Car  a d o c i a n  a n d e s  i  t  i  c 1 a v a s  o f  
t h e  Moel  y Penmaen a r e a  and t h e  g r a n i t i c  i n t r u s i o n s  f rom  
a p a r e n t a l  t h o l e i i t i c  magma by  c r y s t a l  f r a c t i o n a t i o n  o f  
o l i v i n e ,  p y r o x e n e  and p l a g i o c l a s e .  He s u g g e s t e d  t h a t  
a p a t  i  t  e f  r  a c t  i  o n a t  i  o n s t  r  o n g 1 y c o n t  r  o 11 e d R E E a n d Sr  
a b u n d a n c e s  and t h a t  t h e  G a r n f o r  s u i t e  c l e a r l y  shows t h e  
r o l e  p l a y e d  by m in o r  m i n e r a l  f r a c t i o n a t i o n . C r o u d a c e  
c o n c l u d e d  t h a t  t h e  L l y n  g r a n i t o i d s  a r e  a l l  
m i d - O r d o v i c i a n  b e c a u s e  t h e y  a r e  g e o c h e m i c a l l y  r e l a t e d  t o  
t h e  C a ra d o c  M o e l - y - P e n m a e n  l a v a s .  He a l s o  c o n c l u d e d  t h a t  
t h e  g e o c hemi c a l  s i m i 1 a r  i  t y o f  t h e s e  1 a v a s  t o  t h e  
i n t r u s i o n s  i s  c o n s i s t e n t  w i t h  an O r d o v i c i a n  ( C a r a d o c ) 
a g e .
Thomas and B r i  d e n ( 1 9 7 6 )  i  n v e s t  i  g a t  ed p a l eom agnet  i  c
r e m a n e n c e  d i r e c t i o n s  f o r  s a m p l e s  f ro m  s i x  i n t r u s i o n s .  
F i v e  had dec 1 i n a t i o n  Z i n c  1 i  n a t  i  on d i  r e c t i o n s  w h ic h  
c o r r e s  p o n d e d t  o a p a l e  o m a g n e t i c  p o 1 e a t  10 8 ••=* e a s t , 6 8  
s o u t h . O n e  s a m p le  g a v e  d i r e c t i o n s  d e v i a n t  t o  t h i s  and was  
i n t e r p r e t e d  as  b e i n g  a r e s u l t  o f  l a t e r  f a u l t i n g .  The  
c a l e  u l  a t  ed p o l  e p o s i  t  i on i  s n e a r  1 y 90"=
away f ro m  t h e  p u b l i s h e d  O r d o v i c i a n - D e v o n i a n  p o l e  f o r  
B r i t a i n . T h o m a s  and B r i d e n  c o n c l u d e d  t h a t  t h i s  was due  t o  
a n a n o ma1ous  ge om a g n e t ic  f i e l d  o c c u r i n g i n  l a t e  
O r d o v i c i a n  t i m e s ,  t h e  i n t r u s i o n s  b e i n g  o f  O r d o v i c i a n  
a g e , a s  t h e i r  re m a n e n c e  d i r e c t i o n s  w e r e  s i m i l a r  t o  t h o s e  
o f  t h e  p r o v e n  O r d o v i c i a n  C a d e r  I d r i s  l a v a s .
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F i g u r e  5 .  Map o f  C a r r e g - y - D e f a i d  a r e a , ( F i t c h , 1 9 6 7 ) .
^  Penarwel
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T h e p e t  r  og en e s i s o f  t h e  i  n t  r  u s i  on s and C a r a d o c i  an
V o I c a n i c s  h a s  a 1 so been con s i  d e r  ed by  F i t c h  ( 1 9 6 7 ) -
F i  t  c h eX a f n i ned a s e q u e n c e  c f  C a r a d o c i a n  a n d e s i t e s ,
r h y o d a c i t e s ,  i g n i m b r i t e s  and a c i d  i n t r u s i o n s  i n  t h e  a r e a  
o f  C a r r e g - y - D e f a i d  ( F i g u r e  5 )  and he used t h e s e  t o  model  
t h e  f o r m a t i o n  o f  o t h e r  C a r a d o c i a n  magmas. He c o n s i d e r e d  
t h e  b a s a l t i c  r o c k s  t o  h a v e  been d e r i v e d  f rom  t h e  m a n t l e ,  
w h i 1 e t h e  b a s a l  t i c  a n d e s i t e s , r  h y o d a c i  t e s , i g n i  mbr i  t es  
and c a l c - a l k a l i n e  t y p e  g r a n i t e s  w e r e  fo rm e d  by  t h e  
me 1 1 i  n g o f  t h e  c o n t  i  n e n t  a 1 c r  u s t  whi ch had been heatec:l  
by t h e  b a s a l t i c  magma.
A l a r g e  number o f  p l a t e  t e c t o n i c  t h e o r i e s  iraye^ been  p u t  
f o r  ward  t o  e x p 1 a i n  t h e  e v o l u t i o n  o f  t h e  B r i t i s h  I s l e s , 
some o f  w h ic h  d e a l  s p e c i f i  c a l 1 y w i t h  t h e  p e t r o g e n e s i s  o f  
Or d o v i c i  an 1 a v a s  f ro m  W a le s  and t h e  L a k e  Di  s t  r  i  c t . 
F i t t o n  and Hughes ( 1 9 7 0 )  s u g g e s t e d  t h a t  t h e  O r d o v i c i a n  
v o l c a n i c s  f rom  t h e  L a k e  D i s t r i c t  and W a le s  d e m o n s t r a t e d  
a v a r  i  a t  i  on w h ic h  c o u i d be  i n t  e r  p r  e t  ed as  b e i n g  r e l  a t e d  
t o  a s o u t h - e a s t w a r d  d i p p i n g  s u b d u c t i o n  s y s t e m  ( F i g u r e  
6 a ) .  S t i l l m a n  e t  a l  ( 1 9 7 4 )  s u g g e s t e d  t h a t  t h e  O r d o v i c i a n
v o l c a n i c s  i n  e a s t  and s o u t h - e a s t e r n  I r e l a n d  w e r e  
p r o d u c e d  i n  an i s l a n d  a r c  e n v i r o n m e n t  a s s o c i a t e d  w i t h  a 
s o u t h - e a s t w a r d  d i p p i n g  s u b d u e t i o n  s y s t e m .
S t i l l m a n  and W i l l i a m s  ( 1 9 7 8 )  m o d i f i e d  t h e  model  
p r o v i d i n g  e v i d e n c e  t h a t  t h e  Upper  O r d o v i c i a n  v o l c a n i c  
r o c k s  o f  e a s t  and s o u t h - e a s t  I r e l a n d  w e r e  e r u p t e d  on t h e
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A p la te - te c to n ic  model to explain  late  
Tremadoc tec ton ism  In W ales.(Kokelaar, 1988 )
H a l f -a r ro w s  In d ic a te  possible shear sense; 
small a rrow s the local extension, and topped  
t r iang les  the location of arc volcanoes*
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m a r g in  o f  a c o n t i n e n t a l  p l a t e  t h a t  t h i c k e n e d  t o w a r d s  
t h e  s o u t h - e a s t ,  a b o v e  a s u b d u c t i o n  s y s te m  d i p p i n g  t o  t h e  
e a s t - s o u t h . S t  i l l  man and Fr  a n c i s  ( 1 9 7 9 )  p r o p o s e d  t h e  
f o l 1 ow ing  s c h e m e : —
1 . L i t h o s p h e r i c  p 1 a t e  d e s t r u c t i o n , g i v i n g  r i s e  t o  
t  r  a n s i  t  i  o n a 1 i s l a n d - a  r  c t  h o 1 e i  i  t  e s , c a 1 c -■ a l k a l i  n e 
r o c k s  and a 1 k a l i n e  r o c k s ;
2 .  A s s o c i a t e d  m a n t l e  m e l t i n g  t o  p r o d u c e  many o f  t h e  
b a s a 1 1 i  c r o c k s ;
3 » P a r t i a 1 m e l t i n g o f  t h e  c r u s t a l  b a s e m e n t  t o
p r  o d u c e t  hi e a c i  d i c r  o c k s .
The  g e n e r a l  c o n s e n s u s  i s  t h a t  t h e  s u t u r e  o f  t h e  l a p  e t  us  
Ocean r a n  n o r t h - e a s t  t o  s o u t h - w e s t  t h r o u g h  I r e l a n d  and  
B r i t a i n  ( S h a n n o n - S o 1 way l i n e )  b u t  t h a t  d u r i n g o c e a n  
c l o s u r e  s u b d u c t i o n  d i r e c t i o n s  d i p p e d  f rom t h e  n o r t h - w e s t  
t o w a r d s  t h e  s o u t h - e a s t  u n d e r  W a l e s .  C r o u d a c e  ( 1 9 8 1 )  
p r o p o s e d  t h a t  L l ÿ n  was an a r e a  o f  c r u s t a l  t e n s i o n  and  
s u p p o r t e d  h i s  model by  t h e  a s s o c i a t i o n  o f  p e r a l k a l i  ne
g r  a n i  t  es  and t h o l e i i t e s  ( F i  g ur  e 6 b ) .  G e o p h y s i  c a 1
e v i d e n c e  s u g g e s t s  t h a t  t h e  r e g i o n  was e n s i a l i c  and  
C r o u d a c e  t h e r e f o r e  p r o p o s e d  t h a t  t h e  N o r t h  W a le s  a r e a  
may h a v e  been an i n c i p i e n t  b a c k - a r c  b a s i n  o r  a  
V o l e a n o - 1 e c t o n i c  r i  f t  o n e .
L e a t  and T h o r p e ( 19SG) i n t e r p r e t  t h e  v o l c a n i c  r o c k s  as  
h a v i n g b een  e r  up t  ed i n t  o a comp1e x , r a p i d l y
e v o l v i n g , a c t i v e  c o n t i  n e n t a l  m a rg i n  d o m i n a t e d  by c r u s t a l
t e n s i o n . R e c e n t  r e s e a r c h  by  K o k e l a a r ( 1 9 8 8 )  h a s  s u p p o r t e d  
t h e  t h e o r y  o f  c r u s t a l  t e n s i o n  and c o n s i d e r s  t h a t  
f  au 1 t i n g  g r  e a t  1 y i n  f  1 uen c ed b o t  h vo  i c an i  sm an cl 
Bed i  men t a t i o n  »
The  a im  o f  t h i s  s t u d y  was t o  i n v e s t i g a t e  t h e  m i n e r a l o g y  
and g e o c h e m i s t r y  o f  e a c h  i n t r u s i o n  and t h e  a s s o c i a t e d  
v o l c a n i c  r o c k s  ( e s p e c i a l l y  t h e  b a s a l t s  and a n d é s i t e s  ) 
w i  t  h a v i e w t  o e s t a b l i s h i n g wh e t  h e r o r  n o t  t h e r e  we r e  
p e t  r  o g e n e t i c  1 i n k s  b e t  ween i n t r u s i v e  and e x t  r  u s i v e  
i gneous  r o c k s . Cr o u d a c e s t u d i ed o n 1 y one a n d e s i t i c  
l a v a . I n  o r d e r  t o  c o n f i r m  C r o u d a c e ' s  work  a w i d e r  r a n g e  
o f  b a s i c  V o I c a n i c rock:s was s t u d i e d .  I n  p a r t i cu  1 a r  a 
r a n g e  o f  t r a c e  e l e m e n t s i n c 1 u d i  ng t h e  im m o b i1 e e l e m e n t s 
Zr and Mb w e r e  t o  be used  as  d i s c r i m i n a t o r y  e l e m e n t s .  
M i c r o p r o b e  work  on t h e  p y r o x e n e s  and p l a g i o c l a s e s  f ro m  
one b a s a l t  ( L L 1 4 2 )  was u n d e r t a k e n  t o  co m p lem en t  p r e v i o u s  
wor !•:; b y C r o u d a c e . Pe t r o g e n e t  i  c mode 11 i n g h as  a l s o  b e e n 
c a r r i e d  o u t  t o  d e t e r m i n e  t h e  r e l a t i o n s h i p s  b e t w e e n  t h e  
i  n t r u s i o n s .
A. F i e l d  r e l a t i o n s  of  the  vo lca n ic  rocks.
The n u m b ers  i n  b r a c k e t s  r e f e r  t o  F i g u r e  1 and t h e
a s t e r i s k s  i n d i c a t e  t h o s e  r o c k s  s a m p le d  f o r  f u r t h e r  
i  n v e s t  i  g a t  i  on .
a .  M o e l - y - P e n m a e n  ( 1 5 )  #G R 33 6 38 6
M o e l - y - P e n m a e n  fo rm s  a s m a l l  h i l l  c a - 3 0 0  x 150m,300m NNE 
o f  Penmaen F a r m - T h e  h i l l  i s  composed o f  NE-SW s t r i k i n g  
p y r o c l a s t i c  r o c k s  and l a v a s . T h e  n o r t h e r n  p a r t  o f  t h e  
h i l l  i s  composed o f  a n d e s i t i c  l a v a  and h a s  been
q u a r r i e d . S a m p l e s  w e r e  c o l l e c t e d  f ro m  t h e  d i s u s e d  q u a r r y .
b .  B a s a l t  L L 1 4 2  *  G R 3 1 5 3 8 6 , A n d é s i t e  L L 1 4 3  * G R 3 1 4 3 8 5
A s m a l l  o u t c r o p  o f  t h e  b a s a l t  can  be  found  a t  t h e  s i d e
o f  t h e  r o a d  i n  t h e  b u s h e s  n e a r  B o d u a n - I t  i s  n e a r  t o
L L 1 4 3 , b u t  s e p a r a t e  f rom  i t , a n d  c o n s i s t s  o f  a l a r g e  
c r a g g y  o u t c r o p .
c .  B a s a l t i c  a n d é s i t e  L L 1 5 3  *  G R29233S
A t i n y  q u a r r y  i n  t h e  b u s h e s  i s  t h e  o n l y  o u t c r o p  fo u n d  o f  
t h i s  p a r t i c u l a r  r o c k .
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cl. B a s a l t i c  a n d é s i t e  L L 1 5 4 , L L 1 5 5  *  GR29S371
S m a l l  r o c k y  o u t c r o p s  can  be  found  i n  t h e  wood n e a r  
F f r i d d  Farm-
e .  B a s a l t  L L 1 5 6  *  GR3113G0
T h e r e  a r e  s e v e r a l  s m a l l  r o c k y  o u t c r o p s  on t h e  e d g e  o f  
t h e  marsh n e a r  B o d g a d l e .
B« F i e l d  r e l a t i o n s  o f  t h e  i n t r u s i o n s  
I n t r o d u c t i o n
Most o f  t h e  g r a n i t o i d  i n t r u s i o n s  fo rm  p r o m i n e n t  h i l l s .  
Many o f  t h e m , n o t a b l y  G a r n f o r , Mynydd N e f y n , P e n r h y n  
B o d e i 1 a s , G u r n  D d u , N a n h o r o n , F o e l  Gron and L l a n b e d r o g  h a v e  
been  q u a r r i e d  and a r e  t h e r e f o r e  r e a s o n a b l y  w e l l  e x p o s e d  
d e s p i t e  e x t e n s i v e  w e a t h e r i n g -  The  o t h e r  i n t r u s i o n s  
c o n s i s t  m a i n l y  o f  s e r i e s  o f  c r a g g y  o u t c r o p s ,  e x t e n s i v e l y  
w e a t h e r e d - T h e r e  i s  a l a c k  o f  e x p o s u r e s  w h e r e  c o n t a c t s  
w i t h  t h e  c o u n t r y  r o c k  can  be  o b s e r v e d , a n d  o u t c r o p s  o f  
c o u n t r y  r o c k  a r e  s c a r c e  due  t o  t h e  p r o x i m i t y  o f  t h e  
i n t r u s i o n s  t o  t h e  s e a .  The  a im  o f  t h i s  c h a p t e r  i s  t o  
a t t e m p t  t o  d e s c r i b e  s uch  f i e l d  r e l a t i o n s  a s  can  s t i l l  be
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o b s e r v e d . ( N o t  a l l  t h e  i n t r u s i o n s  d e s c r i b e d  h e r e  w e r e  
s a m p le d  and a n a l y s e d ;  many s a m p l e s  w e r e  n o t  s u i t a b l e  f o r  
a n a l y s i s  due  t o  e x t e n s i v e  w e a t h e r i n g ) .
( T h e  i n t r u s i o n  num bers  a r e  a s  shown on F i g u r e  1 and  
t h o s e  w i t h  an *  a r e  t h o s e  w h ic h  h a v e  been s a m p le d  f o r  
more  d e t a i l e d  i n v e s t i g a t i o n . )
The  i n t r u s i o n s  a r e  d i s c u s s e d  i n  g e o g r a p h i c a l  g r o u p s .
a .  B w lch  Mawr # (GR 4 3 2 4 7 8 ) , Gurn G o c h , ( G R  4 0 8 4 7 5 )  and  
Gurn Ddu *  (GR 4 0 1 4 6 8 )
T h e  i n t r u s i o n  o f  B w lch  Mawr ( 1 )  i s  e x p o s e d  a s  a s e r i e s  
o f  c r a g s  on t o p  o f  a p r o m i n e n t  h i l l .  J o i n t i n g  can  b e  
s e e n , f o r m i n g  l o n g  r e c t a n g u l a r  b l o c k s  i n c l i n e d  s t e e p l y  t o  
t h e  e a s t . G u r n  Goch ( 2 )  i s  b e t w e e n  Bwlch  Mawr and G urn  
Ddu, t h e  t h r e e  h i l l s  f o r m i n g  a r i d g e .  I t  was n o t  s a m p le d  
as  t h e  e x p o s u r e s  fo rm ed  s t e e p  c l i f f s  and w e r e  d i f f i c u l t  
t o  r e a c h . A  s e r i e s  o f  q u a r r i e s  h i g h  up i n  t h e  h i l l  
p r o v i d e  e x c e l l e n t  e x p o s u r e s  o f  G urn  Ddu ( 1 8 ) .  M a r g i n a l  
c h i l l e d  f a c i e s  c an  be  s ee n  a l o n g  t h e  e a s t e r n  c o n t a c t . T h e  
i n t r u s i o n s  a r e  e m p la c e d  i n t o  L l a n v i r n  s h a l e s .
ta. G a r n f o r  * ( G R  3 6 0 4 6 0 )  and Yr  E i f l  (GR 3 6 5 4 4 8 )
G a r n f o r  ( 3 )  i n t r u s i o n  i s  s t i l l  b e i n g  q u a r r i e d  and  
t h e r e f o r e  t h e  e x p o s e d  s u r f a c e s  c h a n g e  f ro m  month  t o
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m o n th .  A t  t h e  w e s t e r n  end o f  t h e  q u a r r y ,  t h e  i n t r u s i o n  
i s  g r e y  i n  c o l o u r ,  b u t  c h a n g e s  t o  p i n k  and t h e n  g r e y  
a g a i n  t o w a r d s  t h e  e a s t .  The  m a t r i x  o f  t h e  i n n e r  t y p e  i s  
f i n e r - g r a i n e d  t o w a r d s  t h e  c o n t a c t  w i t h  t h e  o u t e r  t y p e .  
The i n n e r  t y p e  i s  p i n k  and c o n t a i n s  more  x e n o l i t h s .  I t  
a p p e a r s  t o  h a v e  been  i n t r u d e d  i n t o  t h e  o u t e r  g r e y  
i n t r u s i o n .  Two d o l e r i t e  d y k e s  i n t r u d e  t h e  g r a n i t e .  At  
t h e  h i g h e r  l e v e l , l o w  a n g l e  j o i n t s  c an  be  s e e n  i n  t h e  
g r e y  r o c k .  B o th  t y p e s  i n c l u d e  many x e n o l i t h s  o f  b o t h  
i g n e o u s  and s e d i m e n t a r y  o r i g i n . S t e e p  c l i f f s  and c r a g g y  
o u t c r o p s  e x p o s e  t h e  m i c r o g r a n i t e  and t h e  f e l s i t e  o f  Yr  
E i f l ( 4 ) .  The  m i c r o g r a n i t e  ( Y )  i s  w e l l  j o i n t e d  and h a s  a  
c h i l l e d  m a r g in  a g a i n s t  t h e  f e l s i t e . l t  a p p e a r s  t h a t  t h e  
m i c r o g r a n i t e  h a s  b e en  i n t r u d e d  i n t o  t h e  f e l s i t e . T h e  
c o u n t r y  r o c k s  a r e  m u d s to n e s  and s i l t s t o n e s  o f  L l a n v i r n  
a g e .
c . P e n r h y n  G l a s  ( C a r r e g - y - L l a m )  GR 3 3 5 4 3 8 ,  Mynydd N e f y n  
(GR 3 2 2 4 1 5 )  and P e n r h y n  B o d e i l a s  (G R 3 1 9 4 4 1 )
A s m a l l  q u a r r y  p r o v i d e s  good e x p o s u r e s  o f  P e n r h y n  G l a s  
( 5 ) .  Many x e n o l i t h s  c an  be  s e e n ,  some l a r g e  o n e s  w h i c h  
fo rm  l o n g  s t r e a k s  and a p p e a r  t o  be  i g n e o u s  i n  o r i g i n . T h e  
i n t r u s i o n  o f  Mynydd N e f y n  ( 6 )  i s  w e l l  e x p o s e d  i n  a  
s e r i e s  o f  q u a r r i e s .  M e ta m o rp h is m  c an  be  see n  i n  t h e  NE 
and SE p a r t  o f  t h e  q u a r r y .  H i g h  i n  t h e  q u a r r y  c o l u m n a r  
c o o l i n g  j o i n t s  a r e  e x p o s e d .  X e n o l i t h s , b o t h  i g n e o u s  and  
s e d i m e n t a r y  a r e  p l e n t i f u l  and f a i n t  l a y e r i n g  can  b e  s e e n  
i n  t h e  l a r g e  b l o c k s  l y i n g  on t h e  q u a r r y  f l o o r ,  t h e
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c o l o u r  c h a n g i n g  f rom  l i g h t  t o  d a r k  g r e y . A  s m a l l  q u a r r y  
on t h e  c o a s t  p r o v i d e s  a good e x p o s u r e  o f  P e n r h y n  
B o d e i l a s  ( 7 ) .  X e n o l i t h s ,  m a i n l y  o f  s e d i m e n t a r y  o r i g i n ,  
a r e  common and show v a r i o u s  s t a g e s  o f  d i g e s t i o n  and  
a l t e r a t i o n . T h e y  r a n g e  i n  s i z e  f ro m  a few mm t o  s e v e r a l  
c e n t i m e t r e s .  A p l i t e  v e i n s  r u n  n e a r l y  v e r t i c a l  i n  a NNE 
d i r e c t i o n  and some h a v e  a c h i l l e d  m a r g i n .  The i n t r u s i o n
i s  w e l l  j o i n t e d  w i t h  some e p i d o t i s a t i o n  a l o n g  t h e
j o i n t s .
d . G arn  Boduan # (GR 3 1 1 3 8 7 )
G arn  Boduan ( 8 )  fo rm s  a p r o m i n e n t  h i l l  w i t h  r o c k
o u t c r o p s  on t h e  t o p .  T h e  r o c k  i s  e x t r e m e l y  w e a t h e r e d  and  
good s a m p l e s  a r e  d i f f i c u l t  t o  f i n d .  No t r a c e  o f  c o n t a c t  
w i t h  t h e  u n d e r l y i n g  N e f y n  s h a l e s  o r  l a v a s  c an  b e  f o u n d  
a l t h o u g h  e x p o s u r e s  s h o w in g  s uch  c o n t a c t s  h a v e  b e en  s e e n  
p r e v i o u s l y . T h e  l a v a  L L 1 4 2  was c o l l e c t e d  a b o u t  1 00  m e t r e s  
f rom  t h e  b a s e  o f  G arn  Boduan .
e .  G a rn  F a d r o n  * ( G R  2 7 8 3 5 2 )
R ock y  o u t c r o p s  on t o p  o f  a h i l l  p r o v i d e  t h e  o n l y
e x p o s u r e s  o f  t h i s  i n t r u s i o n . ( 9 )  The  r o c k  i s  g r e y  and  
v e r y  w e a t h e r e d .  The  o c c a s i o n a l  x e n o l i t h  o f  s e d i m e n t a r y  
m a t e r i a l  can  be  f o u n d . T h e  c o u n t r y  r o c k  i s  s h a l e  o f  
L l a n v i r n  a q e .
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f . N a n h o r o n  # (GR 3 3 0 2 8 7 ) , M y n y th o  (GR 2 9 8 3 1 8 )  and F o e l  
Gron (GR 3 0 1 3 1 1 )
A w o r k i n g  q u a r r y  p r o v i d e s  good e x p o s u r e s  o f  t h e  N a n h o ro n  
i n t r u s i o n  ( 1 0 ) .  The i n t r u s i o n  v a r i e s  f ro m  v e r y  f i n e  t o  
c o a r s e  g r a i n e d  and v e i n i n g  can be  s e e n  g i v i n g  e v i d e n c e  
o f  a f a i n t  l a y e r i n g .  T h e r e  a r e  no x e n o l i t h s .  
C o n t a c t - a l t e r e d  s h a l e s  o f  L l a n v i r n  a g e  can  be  s ee n  a t  
t h e  n o r t h e r n  e d g e  o f  t h e  q u a r r y . M y n y t h o  Common ( i l ) i s  
fo rm e d  f ro m  a r i d g e  o f  r i e b e c k i t e - g r a n i t e .  T h e r e  a r e  
o u t c r o p s  o f  r o c k  on t h e  w e s t e r n  s i d e  o f  t h e  common 
r u n n i n g  on 3 3 0 ^ s t r i k e . F l u x i o n  b a n d i n g  can  be  se e n  and  
r i e b e c k i t e  c an  be s e e n  w i t h  a  hand l e n s . S m a l l  q u a r r i e s  
on t h e  r o a d s i d e  and on t h e  s l o p e s  l e a d i n g  t o  t h e  summit  
o f  t h e  h i l l  o f  F o e l  Gron ( 1 2 )  p r o v i d e  r e a s o n a b l e  
e x p o s u r e s .  C o n t a c t  w i t h  t h e  L l a n v i r n  s h a l e s  can  no  
l o n g e r  be  s e e n  b u t  s h a l e s  a r e  e x p o s e d  i n  t h e  f o o t p a t h  a t  
t h e  b o t t o m  o f  t h e  h i l l .
g . L l a n b e d r o g  *  (GR 3 2 9 3 0 5 )
Good e x p o s u r e s  a r e  p r o v i d e d  by  t w o  f a i r l y  l a r g e  d i s u s e d  
q u a r r i e s .  Rock i n  t h e  h i g h e r  l e v e l s  i s  a s l i g h t l y  d a r k e r  
g r e y  t h a n  t h a t  fo u n d  i n  t h e  l o w e r  l e v e l s -  A common 
f e a t u r e  o f  t h e  r o c k  i s  t h e  p r e s e n c e  o f  m i a r o l i t i c  
c a v i t i e s  c o n t a i n i n g  q u a r t z  and c h l o r i t e  c r y s t a l s . T h e  
i n t r u s i o n  i s  e m p la c e d  i n t o  L l a n v i r n  s h a l e s  a l t h o u g h  no  
a c t u a l  c o n t a c t  can  b e  s e e n .
3
h . Gar n Pen t y r c  h *  ( GR 4 2 5 4 1 8 )  y
S m a l l  r o c k y  o u t c r o p s  fo rm  t h e  e x p o s u r e s  on t h e  summit  o f  
t h e  h i l l . I t  i s  i n t r u d e d  i n t o  s e d i m e n t s  o f  L l a n v i r n  a g e .
C o n c l u s i o n s
A l t h o u g h  e x p o s u r e s  o f  many o f  t h e  i n t r u s i o n s  a r e  
e x c e l l e n t  t h e r e  a r e  no l o c a l i t i e s  w h e re  c o n t a c t s  w i t h  
t h e  s u r r o u n d i n g  r o c k  c an  be  s e e n .  The  i n t r u s i o n s  v a r y  i n  
c o l o u r  f ro m  l i g h t  g r e y  t o  p i n k  and x e n o l i t h s , b o t h  o f  
i g n e o u s  and l o c a l  s e d i m e n t a r y  m a t e r i a l  a r e  common i n  
some i n t r u s i o n s  b u t  n o t  i n  o t h e r s .  F i e l d  e v i d e n c e  a l o n e  
d o e s  n o t  c o n t r i b u t e  t o  a n y  h y p o t h e s e i s  c o n c e r n i n g  t h e  
r e l a t i o n s h i p s  b e t w e e n  t h e  i n t r u s i o n s  o r  t h e i r  
o r i g i n . H o w e v e r , t h e  i n t r u s i o n s  a r e  m a i n l y  e m p la c e d  i n t o  
L l a n v i r n  s e d i m e n t s ,  and a r e  t h e r e f o r e  y o u n g e r  t h a n  
L l a n v i r n  b u t  t h e r e  i s  no d i r e c t  s t r u c t u r a l  e v i d e n c e  o f  
t h e i r  u p p e r  a g e  l i m i t .
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Petrography o f  th e  in t ru s io n s  and assoc ia ted  la v a s .
In tro d u c t io n
T h e  r o c k  names used  i n  t h i s  s t u d y  a r e  t h o s e  used  by  
T r e m l e t t  and C r o u d a c e .
The  t e x t u r e  o f  a g r a n i t e  may p r o v i d e  some i n f o r m a t i o n  
c o n c e r n i n g  i t s  o r i g i n ,  i t s  w a t e r  c o n t e n t  and i t s  d e p t h  
o f  o r i g i n -  G r a n o p h y r i c  i n t e r g r o w t h  f o r  e x a m p l e ,  i s  
g e n e r a l l y  r e g a r d e d  a s  t h e  p r o d u c t  o f  e u t e c t i c  
c r y s t a l l i s a t i o n ;  p e r t h i t e  may h a v e  d e v e l o p e d  a s  a  r e s u l t  
o f  s u b - s o l v u s  e x s o l u t i o n  u n d e r  l a t e  m a g m a t ic  a n d / o r  
m e t a m o r p h ic  c o n d i t i o n s  w h i l e  z o n e d  c r y s t a l s  show r a p i d  
c o o l i n g  when e q u i l i b r i u m  b e t w e e n  s o l i d  and l i q u i d  h a s  
n o t  been  f u l l y  e s t a b l i s h e d .
S h o r t  p é t r o g r a p h i e  d e s c r i p t i o n s  a r e  p r o v i d e d  f o r  s a m p l e s  
o f  t h e  g r a n i t i c  i n t r u s i o n s  and b a s i c  r o c k s  f ro m  t h e  a r e a  
s t u d i e d . P r e v i o u s  d e t a i l e d  p é t r o g r a p h i e  s t u d i e s  h a v e  been  
made by  T r e m l e t t  ( 1 9 6 2 , 1 9 6 4 , 1 9 6 5 )  and C r o u d a c e  ( 1 9 8 1 ) .  
The i n t r u s i o n s  r a n g e  i n  s i z e  f rom  c a . 1 k m  t o  3km a c r o s s .  
Some i n t r u s i o n s  c o n t a i n  x e n o l i t h s , o f  b o t h  i g n e o u s  and  
s e d i m e n t a r y  o r i g i n .
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The  m a in  m i n e r a l s  i n  t h e  i n t r u s i o n s  a r e  a l k a l i  
f e l d s p a r , j3 la g i o c l a s e  and q u a r t z .  M i n o r  m i n e r a l s  i n c l u d e  
a m p h i b o l e ,  o r t h o p y r o x e n e ,  c l i n o p y r o x e n e  and
b i o t i t e . A c c e s s o r y  m i n e r a l s  a r e  F e - T i  o x i d e ,  a p a t i t e ,  
z i r c o n ,  a l l a n i t e ,  e p i d o t e  and s p h e n e .
The i n t r u s i o n s  g e n e r a l l y  c o m p r i s e  p h e n o c r y s t s  o f  a l k a l i  
f e l d s p a r y p l a g i o c l a s e  and a m p h i b o l e .  G r a n o p h y r i c  t e x t u r e  
i s  s e e n  i n  t h r e e  o f  t h e  i n t r u s i o n s  ( N a n h o r o n , L l a n b e d r o g  
and Gurn D d u ) .
T h e r e  i s  no r e l a t i o n s h i p  b e t w e e n  t h e  m i n e r a l o g y  o f  t h e  
i n t r u s i o n s  and g e o g r a p h i c a l  s i t u a t i o n  ( F i g u r e  1 ) .  A l l  
s a m p l e s  show a l t e r a t i o n  o f  p l a g i o c l a s e  t o  s e r i c i t e  
a n d / o r  e p i d o t e ,  and o f  p y r o x e n e  t o  c h l o r i t e .  T h e r e  i s  
t h e r e f o r e  m o b i t i t y  o f  some e l e m e n t s  i n  t h e s e  m i n e r a l s .
A. In tru s io n s
a ) . B w l c h  Mawr and Gurn D d u d  and 18 on F i g . l )
A l l  t h e  s a m p l e s  o f  t h e  g r a n o d i o r i t e  B w lch  Mawr a r e  
h i g h l y  a l t e r e d .  The  m a in  m i n e r a l s  a r e  a l k a l i  f e l d s p a r  
( h e a v i l y  s e r i c i t i s e d ) , p l a g i o c l a s e  ( a l t e r e d  t o  e p i d o t e  
a n d / o r  c h l o r i t e )  and q u a r t z .  The  g ro u n d m a s s  i s  v e r y  f i n e  
g r a i n e d  and no i n d i v i d u a l  c o n s t i t u e n t s  can  be  p i c k e d  
o u t .  The  w h o l e  s a m p le  i s  e x t e n s i v e l y  a l t e r e d  t o  
c a r b o n a t e . ( F i g u r e  7 ) .  Gurn  Ddu i s  a p o r p h y r i t i c  
m i c r o g r a n o d i o r i t e  c o n s i s t i n g -  o f  c l u s t e r s  o f  a m p h i b o l e
33
%F i  p u r e  8 .  P h o t o m i c r o g r a p h  o f  Garn  F a d r o n  L L 1 0 4 .  The a r e a  
o f  f i e l d  o f  v ie w  i s  15 x 10mm. The  s e c t i o n  shows a 
h i g h l y  a l t  e r  ed p l a g i o c 1 a s e  phenoc r y s t  ( p ) i n a 
proLindmass c o n t a i n i n g  a p a t i t e  c r y s t a l s  ( a ) .
m
F i g u r e  7 .  P h o t o m i c r o g r a p h  o f  Bwlch  Mawr g r a n o d i o r i t e  
L L S U .T h e  a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The  s e c t i o n  
i s  h i g h l y  a l t e r e d  and shows v e r y  s e r i c i t i s e d  f e l d s p a r s  
( f ) .
34
c r y s t a l s  w h ic h  a r e  u s u a l l y  a l t e r e d  t o  e p i d o t e  and / o r  
• c h l o r i t e .  T h e s e  c l u s t e r s  o c c a s i o n a l l y  c o n t a i n  z i r c o n  
c r y s t a l s .  T h e r e  a r e  a l s o  l a r g e  p h e n o c r y s t s  o f  a l k a l i  
f e l d s p a r  w h ic h  a r e  o f t e n  s e r i c i t i s e d .  The  f i n e  g r a i n e d  
g ro u n d m a s s  c o n s i s t s  o f  q u a r t z ,  f e l d s p a r  and a m p h i b o l e .  
F e - T i  o x i d e  and a p a t i t e  a r e  a c c e s s o r y  m i n e r a l s . ( F i g u r e  
1 2 ) .  Some o f  t h e  s a m p l e s  c o n t a i n  p y r o x e n e s  r immed w i t h  
e p i d o t e  a n d / o r  h o r n b l e n d e .  C r y s t a l s  o f  a l l a n i t e  a r e  
o c c a s i o n a l l y  s e e n .
b )«  G a r n f o r  ( 3  on F i g - 1 )
T h e r e  a r e  tw o  d i s t i n c t  v a r i e t i e s  i n  t h i s  i n t r u s i o n .  I n  
hand s p e c i m e n ,  one  i s  p i n k  medium g r a i n e d  p o r p h y r i t i c  
m i c r o g r a n o d i o r i t e  ( a )  and t h e  o t h e r  i s  a  l i g h t  g r e y  
p o r p h y r i t i c  t o n a l i t é  ( b ) .
i )  The  m a jo r  m i n e r a l s  a r e  p l a g i o c l a s e ,  a l k a l i
f e l d s p a r  and q u a r t z .  The p l a g i o c l a s e  f o r m j ^ l a t h s  up 
t o  12mm l o n g ,  g e n e r a l l y  f r e s h  b u t  l o c a l l y  a l t e r e d
t o  e p i d o t e  and s o m e t im e s  i n t e r g r o w n  w i t h  a l k a l i
f e l d s p a r  w h ic h  i s  more  a l t e r e d  t o  s e r i c i t e .  
A m p h i b o l e  and c 1 i n o p y r o x e n e  p h e n o c r y s t s  fo rm  
c l u s t e r s ,  t h e  p y r o x e n e  h a v i n g  r i m s  o f  c h l o r i t e .  A
few s m a l l  b i o t i t e  c r y s t a l s  c an  be  s e e n .  The  
g ro u n d m a s s  c o n s i s t s  o f  p l a g i o c l a s e  f e l d s p a r s ,  some  
s m a l l  c 1 i n o p y r o x e n e s  and i n t e r s t i t i a l  q u a r t z .  
A p a t i t e  n e e d l e s  a r e  s c a t t e r e d  t h r o u g h o u t .  F e - T i  
o x i d e  i s  an a c c e s s o r y  m i n e r a l .  ( F i g u r e  9 ) .
F i g u r e  9 .  P h o t o m i c r o g r a p h  o f  G a r n f o r  g r a n o d i o r i t e  L L l .  
The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  
shows a p h e n o c r y s t  o f  p l a g i o c l a s e  Cp) w i t h  c l u s t e r s  o f  
a m p h i b o l e  ( a )  i n  a f i n e  g r a i n e d  g ro u n d m a s s .
F i g u r e  10.  P h o t o m i c r o g r a p h  o f  G a r n f o r  t o n a l i t é  L L I O .  The  
a r e a  wf  f i e l d  o f  v ie w  i s  15 x 10mm. The s e c t i o n  shows a 
c l u s t e r  o f  p l a g i o c l a s e  (.p ) and a m p h i b o l e  p h e n o c r y s t s  ( a )  
( w i t h  m in o r  a l t e r a t i o n  t o  s e r i c i t e )  i n  a g ro u n d m a s s  
c o a r s e r  g r a i n e d  t h a n  F i q u r e  7 a .
i  i ) The  m a jo r  m i n e r a i s  a r e  p l a g i o c l a s e ,  a l k a l i  
f e l d s p a r  and q u a r t z .  The f e l d s p a r s  a r e  h i g h l y  
a l t e r e d  t o  s e r i c i t e .  P y r o x e n e  and b i o t i t e  
p h e n o c r y s t s  a r e  a l t e r e d  t o  c h l o r i t e .  P l a g i o c l a s e  
and p y r o x e n e  fo rm  c l u s t e r s ,  some o f  w h ic h  a r e  
c o m p l e t e l y  e p i d o t i s e d . T h e  g ro u n d m a s s  o f  f e l d s p a r  
and i n t e r s t i t i a l  q u a r t z  i s  c o a r s e r  g r a i n e d  t h a n  
t h a t  o f  ( a ) .  A p a t i t e  and F e - T i  o x i d e  a r e  a c c e s s o r y  
m i n e r a l s .  ( F i q u r e  1 0 ) .
c ) . P e n r h y n  B o d e i 1a s ( 7  on P i  g . 1 )
T h i s  i s  a  p o r p h y r i t i c  m i c r o g r a n o d i o r i t e  w i t h  l a r g e  
c l u s t e r s  o f  a m p h i b o l e  and p y r o x e n e ,  some c o m p l e t e l y  
r e p l a c e d  by  c h l o r i t e ,  o t h e r s  p a r t i a l l y  r e p l a c e d  by  
h o r n b l e n d e .  T h e r e  a r e  a l s o  l a r g e  f e l d s p a r  p h e n o c r y s t s ,  
up t o  4mm i n  s i z e ,  w i t h  s e r i c i t i c  a l t e r a t i o n .  The  
g ro u n d m a s s  c o n s i s t s  o f  p l a g i o c l a s e ,  a l k a l i  f e l d s p a r  and  
q u a r t z -  T h e r e  i s  some g r a n o p h y r i c  t e x t u r e .  A c c e s s o r y  
m i n e r a l s  a r e  z i r c o n ,  a p a t i t e  and F e - T i  o x i d e . ( F i g u r e  
1 1 ) .
d )  G arn  B o d u a n ( 8  on F i g . l )
A l l  t h e  s a m p l e s  o f  t h i s  t o n a l i t é  a r e  p o r p h y r i t i c  w i t h  
c l u s t e r s  o f  p l a g i o c l a s e ,  p y r o x e n e  and a l k a l i  f e l d s p a r  i n  
a f i n e  g r a i n e d  g ro u n d m a ss  w h ic h  a p p e a r s  t o  be
- ,
F i g u r e  1 1 .  P h o t o m i c r o g r a p h  o f  P e n r h y n  B o d e i l a s  
m i c r o g r a n o d i o r i t e  L L 6 6 .  The  a r e a  o f  f i e l d  o f  v i e w  i s  15 
X 10mm. The sec t  i  on shows p o r  p h y r i t i c  c 1u s t  e r  s o f 
a m p h i b o l e  ( a ) , p y r o x e n e  ( p ) and f e l d s p a r ( f ) .  A p a t i t e  ( e )  
and z i r c o n  ( z ) can be seen  i n  t h e  q ro u n d m a s s .
F i g u r e  1Z.  P h o t o m i c r o g r a p h  o f  Gurn Ddu g r a n o d i o r i t e  
L - L 7 7 . The a r e a  o f  f i e l d  o f  v i e w  i s  15 .x 10mm. The  
sec t  i on shows f  e l d s p a r  ( f ) ,  s e r i c i t i s e d  an d c l u s t e r s  o f  
p y r o x e n e s  ( d ) .
d i r e c t i o n a l  a r o u n d  t h e  c l u s t e r s . ( F i g u r e  1 6 ) .  F e - T i  o x i d e  
and z i r c o n  a r e  a c c e s s o r y  m i n e r a l s .
e ) . G arn  F a d r o n ( 9  on F i g . l )
Some o f  t h e  s a m p l e s  o f  t h i s  g r a n o p h y r e  a r e  e x t e n s i v e l y  
a l t e r e d  t o  c a r b o n a t e .  A p a t i t e  and z i r c o n  c r y s t a l s  can  be  
s e e n  i n  t h e  f i n e  g ro u n d m a s s  w h i c h  c o n t a i n s  h i g h l y  
a l t e r e d  p l a g i o c l a s e  p h e n o c r y s t s .  ( F i g u r e  8 ) . T h o s e  l e s s  
a l t e r e d  show g r a n o p h y r i c  i n t e r g r o w t h  and c r y s t a l s  o f  
a p a t i t e .
f ) . N a n h o r o n ( 1 0  on F i g . l )
A l l  t h e  s a m p l e s  o f  t h i s  g r a n i t e  c o n s i s t e d  o f  
e q u i g r a n u l a r  c r y s t a l s ,  1mm i n  s i z e ,  o f  m i c r o p e r t h i t i c  
f e l d s p a r s  i n t e r g r o w n  w i t h  q u a r t z .  A l l  t h e  f e l d s p a r s  a r e  
t u r b i d  i n  p l a n e  p o l a r i z e d  l i g h t .  T h e r e  a r e  many a r e a s  o f  
g r a n o p h y r i c  i n t e r g r o w t h .  One z i r c o n  c r y s t a l  w a s  f o u n d  i n  
a  t o t a l  o f  e l e v e n  s a m p l e s .  M i n o r  e p i d o t i s a t i o n  a l s o  
o c c u r s  l o c a l l y .  ( F i g u r e  1 3 ) .
g ) . L I a n b e d r o g ( 1 3  On F i g . l
T h i s  i s  a p o r p h y r i t i c  g r a n i t e  c o n s i s t i n g  o f  c l u s t e r s  o f  
a m p h i b o l e ,  some o f  w h ic h  a r e  c h l o r i t i s e d  and c l u s t e r s  o f
%F i g u r e  1 3 .  P h o t o m i c r o g r a p h  o f  N anhoron  g r a n o p h y r e  L L 3 8 .  
The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  
s h o w s t h e  g r a n  o p hi y r i  c t e  x t  u r  e .
F i g u r e  14.  P h o t o m i c r o g r a p h  o f  L l a n b e d r o g  p o r p h y r i t i c  
g r a n i t e  L L 6 3 .  The a r e a  o f  f i e l d  o f  v i e w ' i s  15 x 10mm, 
The s e c t i o n  shows t h e  p e r t h i t i c  ( p )  i n t e r g r o w t h  and  
g r a n  op h y r  i c t e x t u r e .
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p h e n o c r y s t s  w h ic h  a r e  s e r i c i t i s e d  i n  a f i n e  g r a i n e d  
g ro u n d m a s s  o f  m i c r o p e r t h i t i c  f e l d s p a r  and q u a r t z  w i t h  a  
g r a n o p h y r i c  t e x t u r e .  An o c c a s i o n a l  z i r c o n  can  be s e e n ,  
some o c c u r r i n g  a s  i n c l u s i o n s  i n  t h e  a m p h i b o l e  c l u s t e r s  
( F i q u r e  1 4 ) .
h ) G a r n  P e n t y r c h ( 1 4  on F i g . l )
L a r g e  a l k a l i  f e l d s p a r  and p l a g i o c l a s e  p h e n o c r y s t s  fo rm  
c l u s t e r s  w i t h  some a l t e r e d  p y r o x e n e s  i n  t h i s  
g r a n o d i o r i t e .  T h e s e  a r e  s u r r o u n d e d  b y  a v e r y  f i n e  
qro u n d m a s s  w i t h  t h e  o c c a s i o n a l  z i r c o n . ( F i q u r e  1 5 ) .
B. Volcanic  Rocks
B o th  a c i d  and b a s i c  t y p e s  o f  v o l c a n i c s  w e r e  e r u p t e d  
d u r i n g  t h e  Lower O r d o v i c i a n .  T h e r e  w e r e  l o c a l i s e d  
a c c u m u l a t i o n s  o f  l a v a s  and p y r o c l a s t i c  r o c k s  d u r i n g  t h e  
A r e n i g  and L l a n v i r n  and a l s o  d u r i n g  t h e  C a r a d o c .  The  
y o u n g e r  C a r a d o c i a n  v o l c a n i c s  c o m p r i s e  a n d e s i t i c  l a v a s  
and t u f f s  and r h y o l i t i c  l a v a s ,  i g n i m b r i t e s  and a i r - f a l l  
t u f f s .  The  l o w e r  and u p p e r  s u i t e s  o f  a c i d i c  c o m p o s i t i o n  
a r e  s e p a r a t e d  by  t h e  a n d é s i t e s .
S t u d y  o f  t h e  t h i n  s e c t i o n s  shows t h a t  t h e  v o l c a n i c  r o c k s
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\F i g u r e  15 .  P h o t o m i c r o g r a p h  o f  Garn  P e n t y r c h  g r a n o d i o r i t e  
L L 1 2 5 .  The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The  
s e c t i o n  shows a c l u s t e r  o f  f e l d s p a r  C f ) and a l t e r e d  
p h e n o c r y s t s  ( p )  i n  a v e r y  f i n e  g r a i n e d  m a t r i x .
p
&
F i g u r e  16 .  P h o t o m i c r o g r a p h  o f  Garn  Boduan t o n a l i t é  
L L l 3 0 .  The a r e a  o f  o f  v i e w  i s  15 x 10mm. The
s e c t i o n  shows p h e n o c r y s t s  o f  f e l d s p a r  ( f )  and p y r o x e n e  
( p ) i n  a f i n e  g r a i n e d  groundm as s  w h ic h  i s  d i r e c t i o n a l  
a r o u n d  t h e  c l u s t e r s .
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may h a v e  been  s u b j e c t  t o  lo w  g r a d e  m e ta m o rp h is m .
S h o r t  p é t r o g r a p h i e  d e s c r i p t i o n s  o f  t h e  v o l c a n i c  r o c k s  
now f o l l o w .
1.  Moel  y  PenmaenCGR3363S6) n e a r  Boduan
S p a r s e  p l a g i o c l a s e  p h e n o c r y s t s  can  be  s e e n  i n  a 
f i n e - g r a i n e d  m a t r i x  o f  s e r i t i c i s e d  p l a g i o c l a s e ,  
c h l o r i t e ,  F e - T i  o x i d e  and p y r o x e n e  i n  t h i s  f i n e - g r a i n e d  
a n d e s i t i c  r o c k . ( F i g u r e  1 7 ) .
2 .  B a s a l t  ( L L 1 4 2 ) G R  3 1 5 3 8 6  n e a r  G arn  B oduan.
P h e n o c r y s t s  o f  a u g i t e  and p l a g i o c l a s e  t o g e t h e r  w i t h  much 
F e - T i  o x i d e  a r e  s u r r o u n d e d  by  a g ro u n d m a s s  o f  f e l d s p a r  
l a t h s  w i t h  g r a n u l a r  a u g i t e  and some e p i d o t e .  Some 
c h l o r i t e  can  be  s ee n  ( F i g u r e  1 8 ) .  The  p y r o x e n e  i s  a u g i t e  
and i s  s i m i l a r  i n  c o m p o s i t i o n  t o  G a r n f o r  ( C r o u d a c e  
1 9 8 1 ) .
3 .  A n d é s i t e  (L L 1 4 3 ) G R  3 1 4 3 8 5  n e a r  L L 1 4 2
P h e n o c r y s t s  o f  a u g i t e  and p l a g i o c l a s e  can be  se e n  i n  a 
f i n e - g r a i n e d  g ro u n d m a s s  w h ic h  i s  t o o  f i n e  t o  d i s t i n g u i s h  





F i g u r e  17 .  P h o t o m i c r o g r a p h  o f  Moel  y Penmaen l a v a  LL145 ,  
The a r e a  o f  f i e l d  o f  v i e w  i s  15 x 10mm. The s e c t i o n  
shows p l a g i o c l a s e  p h e n o c r y s t s  Cp) ( s e r i c i t i s e d )  i n  a 
f i n e  g r a i n e d  m a t r i x  o f  s e r i c i t i s e d  p l a g i o c l a s e ,  
c h l o r i t e ,  F e - T i  o x i d e  and p y r o x e n e  ( p x ) .
F i g u r e  18.  P h o t o m i c r o g r a p h  o f  b a s a l t  L L l 4 2 .  The a r e a  o f  
f i e l d  o f  v ie w  i s  15 x 10mm. The  s e c t i o n  shows  
p h e n o c r y s t s  o f  a u g i t e  ( a )  and p l a g i o c l a s e  ( p )  i n  a f i n e  
qroundm a ss  o f  f e l d s p a r  l a t h s .
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4 .  B a s a l t i c  a n d é s i t e  (L L 1 5 3 ) G R  2 9 2 3 3 5  n e a r  N a n h o r o n .
P h e n o c r y s t s  o f  p l a g i o c l a s e  f e l d s p a r  and c l i n o p y r o x e n e  
can  be  s e e n  i n  a v e r y  a l t e r e d  g ro u n d m a s s .  I t  i s  f a i r l y  
r i c h  i n  a p a t i t e .
5 .  B a s a l t i c  a n d é s i t e  ( L L 1 5 4 ,  L L 1 5 5 )G R  29837:1. n e a r  F f r i d d  
Fa rm .
P l a g i o c l a s e  p h e n o c r y s t s  ( s e r i c i t i s e d )  a r e  s u r r o u n d e d  by  
a  v e r y  a l t e r e d  g r o u n d m a s s .  The  g ro u n d m a s s  i s  f i n e  
g r a i n e d  and o n l y  f e l d s p a r  l a t h s  can be  d i s t i n g u i s h e d .
6 .  B a s a l t  ( L L 1 5 6 ) G R  3 1 1 3 6 0  B o d g a d l e .
A v e r y  a l t e r e d  e x a m p l e ,  c o n s i s t i n g  o f  f e l d s p a r  l a t h s  and  
a l t e r e d  p y r o x e n e s  i n  an u n r e s o l v a b l e  g ro u n d m a s s .
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C h a p t e r  4
M i n e r a l o g y  o f  t h e  i n t r u s i o n s  and a s s o c i a t e d  l a v a s  
I n t r o d u c t i o n
C r o u d a c e  ( 1 9 8 1 )  p r o v i d e d  m i c r o p r o b e  d a t a  on 
c l i n o p y r o x e n e s ,  o r t h o p y r o x e n e s  and p l a g i o c l a s e s  f rom  t h e  
L I y n  g r a n o d i o r i t e s  and t o n a l i t é s . ( I n n e r  G a r n f o r , P e n r h y n  
B o d e i l a s  and P e n r h y n  G l a s  ( C a r r e g  y L i a m ) ) .  C r o u d a c e  was  
u n a b l e  t o  s t u d y  t h e  p r i m a r y  m i n e r a l o g y  o f  t h e  
M o e l - y - P e n m a e n  l a v a s  b e c a u s e  t h e y  h a v e  been a f f e c t e d  by  
r e g i o n a l  g r e e n s c h i s t  m e t a m o rp h is m .  I n  o r d e r  t o  d e t e r m i n e  
t h e  a f f i n i t i e s  o f  l a v a s  a n a l y s e d  i n  t h i s  s t u d y ,  and t o  
c o m p a r e  th e m  w i t h  t h e  i n t r u s i o n s  ( I n n e r  G a r n f o r  
t o n a l i t é ,  P e n r h y n  G l a s  ( C a r r e g - y - L l a m )  m i c r o g r a n o d i o r i t e  
and P e n r h y n  B o d e i l a s ) ,  s a m p l e s  o f  v o l c a n i c  r o c k s  
c o n t a i n i n g  f r e s h  p r i m a r y  m i n e r a l s  w e r e  s o u g h t  f o r  
m i c r o p r o b e  a n a l y s i s .  S a m p le  L L 1 4 2  was t h e  o n l y  s u i t a b l e  
m a t e r i a l  c o n t a i n i n g  f r e s h  c 1 i n o p y r o x e n e  and p l a g i o c l a s e  
p h e n o c r y s t s  i n  a f i n e - g r a i n e d  m a t r i x ,  and m i c r o p r o b e  
a n a l y s e s  a r e  g i v e n  i n  A p p e n d ix  1.
Summary o f prmvlouG work toy Croudaco (19S1)
P y r o x e n e  c o m p o s i t i o n s  w e r e  d e t e r m i n e d  i n  s a m p le s  f rom  
t h e  t h r e e  i n t r u s i o n s  named a b o v e .  T h e s e  w e r e  p l o t t e d  on 
a W o - E n - F s  d i a g r a m  and c o m p are d  w i t h  t h e  e v o l u t i o n a r y  
t r e n d  o f  p y r o x e n e s  f ro m  T e r t i a r y  a c i d  g l a s s e s  
( C a r m i c h a e l , I 9 6 0 ) , w h ic h  a r e  c o n s i d e r e d  t o  r e p r e s e n t  
r o c k s  d e r i v e d  by  c r y s t a l  f r a c t i o n a t i o n  f ro m  t h o l e i i t i c  
magmas.
P l a g i o c l a s e  c o m p o s i t i o n s  w e r e  a l s o  d e t e r m i n e d  and shown 
on t h e  A b - O r - A n  d i a g r a m .  The  b r o a d  r a n g e  o f  c o m p o s i t i o n s  
f r o m  A n 3 Efi t o  An-sss s u g g e s t s  t h a t  some f e l d s p a r s  a r e  
x e n o c r y s t s  d e r i v e d  f ro m  a n o t h e r  p a r t  o f  t h e  magma^  
s y s t e m .
M ineralogy o f la v a s  ( t h i s  study)
The c 1 i n o p y r o x e n e s  f rom  L L l 4 2  a r e  shown i n  a W o - E n - F s
d i a g r a m , ( F i g u r e  1 9 ) .  The  p y r o x e n e s  a r e  o f  a u g i t e
c o m p o s i t i o n  and v a r y  f ro m  W o s y E n ^ iF s # #  t o  
WoæeEn^æFsiœ.They p l o t  on t h e  M g - r i c h  end o f  t h e  t r e n d  
r e p o r t e d  f o r  I c e l a n d i c  p i t c h s t o n e s  ( C a r m i c h a e l , 1 9 6 0 ) .
The  p y r o x e n e  a n a l y s e s  w e r e  a l s o  p l o t t e d  t o  show t h e i r
SiOss and A I 3 O3  c o n t e n t  ( F i g u r e  2 1 ) . Le  Bas ( 1 9 6 2 )  d i v i d e d  
c l i n o p y r o x e n e s  i n t o  t h r e e  g r o u p s  u s i n g  t h e i r  S iO ^  and  





F i g u r e  19 .  The W o -F s -E n  t e r n a r y  d i a g r a m  s h o w in g  t h e  
e v o l u t i o n a r y  t r e n d s  o f  m i n e r a l s  i n  t h e  L l p n  i n t r u s i o n s .  
The c r y s t a l l i s a t i o n  t r e n d s  o f  o r t h o -  and c l i n o p y r o x e n e s  
f ro m  some T e r t i a r y  a c i d  g l a s s e s , ( C a r m i c h a e l , 1 9 6 0 )  a r e  
shown f o r  c o m p a r i s o n  (d a s h e d  l i n e s ) . C l o s e d  and open  
s q u a r e s  r e p r e s e n t  p h e n o c r y s t  and g ro u n d m a s s  m i n e r a l s  
r e s p e c t i v e l y . S q u a r e s  -  I n n e r  G a r n f o r  t o n a l i t é ;  Open 
s t a r s  -  P e n rh y n  B o d e i l a s ;  ( b a s e d  on C r o u d a c e , 1 9 8 1 ) ;  
C l o s e d  c i r c l e s  -  L L 1 4 2  b a s a l t  ( t h i s  s t u d y ) .
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( t h o l e i i t i c ,  h i g h  a l u m i n a  and c a l c - a l k a l i n e  l a v a s ) ;  B,  
a l k a l i n e  l a v a s  and C, p e r a l k a l i n e  l a v a s .  The p y r o x e n e  
a n a l y s e s  f ro m  t h i s  s t u d y  f a l l  i n t o  g r o u p  A, c o n f i r m i n g  
t h e  s u p p o s i t i o n  p u t  f o r w a r d  by  t h e  W o - E n - F s  d i a g r a m .
The  p l a g i o c l a s e s  f ro m  L L 1 4 2  a r e  shown i n  an A b - O r - A n  
d i a g r a m  ( F i g u r e  2 0 ) .  The  p l a g i o c l a s e s  v a r y  i n  
c o m p o s i t i o n  f ro m  Ab^o An., Or^& t o  A b ^ e A n ^ O r ^ i .
Comparison o f both s e ts  o f d a ta .
C o m p a r is o n  o f  t h e  p y r o x e n e  a n a l y s e s  i n d i c a t e s  1)  t h a t  
t h e  c l i n o p y r o x e n e s  ( a u g i t e )  w h ic h  a r e  s i m i l a r  t o  t h o s e  
i n  t h e  i n t r u s i o n s  ( G a r n f o r  t o n a l i t é )  s t u d i e d  by  C r o u d a c e  
( 1 9 8 1 ) , p l o t  w i t h i n  t h e  f i e l d  o f  p h e n o c r y s t s  o f  t h e  
G a r n f o r  t o n a l i t é  i n t r u s i o n ,  2 )  t h e y  a r e  o f  t h o l e i i t i c  o r  
c a l c - a l k a l i n e  c h a r a c t e r ,  3 )  t h e  t o n a l i t é  and l a v a  L L 1 4 2  
o v e r l a p  i n  c o m p o s i t i o n  and so  may be  c o n t e m p o r a n e o u s  and  
t h e r e f o r e  4 )  t h e  t o n a l i t é s  may h a v e  been  d e r i v e d  f ro m  a  
magma such a s  t h a t  r e p r e ^ L t e d  by  L L 1 4 2 ,  5 )  and t h e  
l o c a t i o n  o f  t h e  L L 1 4 2  p y r o x e n e s  and t h e  t o n a l i t é  a t  t h e  
b a s i c  end ( i . e .  M g - r i c h  end o f  t h e  p y r o x e n e  
f r a c t i o n a t i o n  t r e n d )  i s  c o n s i s t e n t  w i t h  t h e  more  a c i d  
i n t r u s i o n s  and l a v a s  b e i n g  d e r i v e d  f ro m  s u c h  
b a s i c / i n t e r m e d i a t e  magma.





F i g u r e  2 0 .  A b - A n -O r  t e r n a r y  d i a g r a m  s h o w in g  t h e  
e v o l u t i o n a r y  t r e n d s  o f  m i n e r a l s  i n  t h e  L l p n  
i n t r u s i o n s . ( S y m b o l s  as  i n  F i g u r e  1 9 ) . B r o k e n  l i n e s  f rom  
T e r t i a r y  a c i d  g l a s s e s  ( C a r m i c h a e l , 1 9 S 0 ) . C i r c l e s  -  L L 1 4 2  
b a s a l t  ( t h i s  s t u d y ) .
SiO,
F i g u r e  ^ 1 ,  F 1 v t  <_• f o i 0 ss a g a i n s t  A l^ O ^  f o r  
c 1 i n o p y r o x e n e s  f rom  t h e  b a s a l t  L L 14 2 . The b r o k e n  1 i nes  
s e p a r a t e  3 g r o u p s  o f  c l i n o p y r o x e n e  c o m p o s f t i o n - A ,  
n o n —a l  k a l  i ne (. t h o i  e i  i t i c ,  h i  gh a l  umi na and  
c a l c - a l k a l i n e > ; B , a l k a l i ne 1 a v a s  and C, p e r a l k a l i ne  
l a v a s  CLe B a s , 1 9 6 2 ) .
5 ]
t h e  p l a g i o c l a s e s  a r e  s i m i l a r  t o  t h o s e  i n  t h e  i n t r u s i o n s  
( G a r n f o r  t o n a l i t é )  s t u d i e d  by  C r o u d a c e  ( 1 9 8 1 ) ,  2 )  t h e  
t o n a l i t é  and l a v a  L L 1 4 2  o v e r l a p  i n  m i n e r a l  c o m p o s i t i o n  
and s o  may be  c o n t e m p o r a n e o u s  and t h e r e f o r e  3 )  t h e  
t o n a l i t é  may b e  d e r i v e d  f rom  a l a v a  s uch  a s  L L 1 4 2 ,  3 )
t h e  a n a l y s e d  p l a g i o c l a s e  s a m p l e s  p l o t  w i t h i n  t h e  f i e l d  
o f  t h e  p h e n o c r y s t s  o f  t h e  G a r n f o r  t o n a l i t é  i n t r u s i o n s  
a n a l y s e d  by  C r o u d a c e  ( 1 9 8 1 )
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G b a B te r_ _ & L
C h e m i s t r y  o f  t h e  i n t r u s i o n s  and a s s o c i a t e d  l a v a s
I n t r o d u c t i o n
The  s a m p l e s  o f  l a v a s  and g r a n i t i c  i n t r u s i o n s  c o l l e c t e d  
f rom  t h e  L l y n  p e n i n s u l a r  r a n g e  f ro m  4 6  -  75% S i O # .  The  
a c i d  r o c k s  a r e  d e s c r i b e d  a s  m i c r o g r a n i t e s ,  g r a n o p h y r e s ,  
mi c r  o g r  a n o d i  o r  i  t e s  and m i c r o t o n a l  i  t e s  ( . T r e m l e t t  
1 9 6 2 , 1 9 6 4 )  w h i l e  t h e  b a s i c  /  i n t e r m e d i a t e  r o c k s  a r e  
b a s a l t i c  o r  a n d e s i t i c  i n  c o m p o s i t i o n  ( M a t l e y  and H e a r d ,  
1 9 3 8 ) .  81 s a m p le s  ( 6 7  g r a n i t e s  and 14 l a v a s )  w e r e
a n a l y s e d  by  X - r a y  f l u o r e s c e n c e  s p e c t r o m e t r y  ( A p p e n d i x
2 ) .  T h i X ^  d a t a  shows t h e  d i f f e r e n c e s  w i t h i n  t h e  s a m p l e  
p o p u l a t i o n .  Some o f  t h e s e  d i f f e r e n c e s  w e r e  n o t e d  by  
T r e m l e t t  ( 1 9 7 2 )  who s e p a r a t e d  t h e  i n t r u s i o n s  o f  L l y n  
i n t o  O r d o v i c i a n  and C a l e d o n i a n  (e n d  S i l u r i a n - D e v o n i a n )  
d e p e n d e n t  on v a r i o u s  g e o c h e m i c a l  p a r a m e t e r s . I n  o r d e r  t o  
c l a r i f y  t h e s e  d i f f e r e n c e s ,  t h e  s a m p l e s  w e r e  p l o t t e d  o n t o  
c l a s s i f i c a t i o n  d i a g r a m s . ( F i g u r e s  2 2  and 2 5 )
C h e m i s t r y  o f  t h e  i n t r u s i o n s
F i g u r e  2 2  shows t h e  i n t r u s i o n s  p l o t t e d  on a S iO #  v .  Na#0  
+ K#0 d i a g r a m  t a k e n  f rom  C o x , B e l l  and F’a n k h u r s t  ( 1 9 7 9 ) .  
Most o f  t h e  i n t r u s i o n s  p l o t  i n  d i s c r e t e  f i e l d s  
( N a n h o r o n ,  G a r n f o r  ( 2  g r o u p s ) , B w l c h  M a w r , L I a n b e d r o g  and  







F i g u r e  2 2 .  P l o t  o f  Na^O + K-;aO a g a i n s t  S i O # .  The  
i n t r u s i o n s  form d i s t i n c t  g r o u p s  w h ic h  f a l l  i n  fisf?lds  
i d e n t i f i e d  as m o n z o n i t e s ,  g r a n i t e s ,  g r a n o d i o r i t e s , 
s y e n i t e s  and d i o r i t e s .  The v o l c a n i c  r o c k s  f a l l  i n  f i e l d s  
i d e n t i f i e d  as b a s a l t ,  b a s a l t i c  a n d é s i t e  and a n d é s i t e .
On 1 y d a t a  f rom  t h i s  s t u d y  as)  p 1 o t t e d «
k e y ;  il Basa l t  .
2 Basal t i c and és i te
3 A n d é s i t e
4 Monzonite
G r a n o d i o r i t e  
G r a n i t e  
Syen i le
Key to Figures 22 to 41
A  Garnfor 
O Nanhoron  
□  Llanbedrog  
• f  Moe! y Penmaen  
0  Penrhyn Bodeilas  
® GurnDdu  
® Bwlch Mawr 
V  Garn Fadron 
B Garn Boduan 
A  Foe! Gron 
•  Lavas
■  Mynydd Nefyn 
^  Yr E lf  I microgranite  
C Penrhyn Glas 
(() Gum  Goch 
-©- L langybl  
M Moel Penllechog
Data from Croudace (1981)
Data from this study
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t h r e e  f i e l d s  ( G a r n  B o d u a n ,G a r n  F a d r o n  and Gurn D d u ) .  
N a n h o r o n ,  L l a n b e d r o g  and one  G a r n f o r  g r o u p  a r e  c l a s s e d  
a s  g r a n i t e s ;  P e n r h y n  B o d e i l a s  and t h e  s e c o n d  G a r n f o r  
g r o u p  a s  m o n z o n i t e  ; B w lch  Mawr as  g r a n o d i o r i t e  « The  
i n t r u s i o n s  w h ic h  o v e r 1 ap d i  f  f e r e n t  f i e l d s  a r e  c l a s s e d  a s  
d i o r i t e  /  g r a n o d i o r i t e  /  g r a n i t e  /  s y e n i t e .
I n  o r d e r  t o  r e l a t e  t h e  c h e m i c a l  a n a l y s e s  t o  m i n e r a l  
c o m p o s i t i o n ,  t h e  c h e m i c a l  a n a l y s e s  w e r e  r e c a l c u l a t e d  
i n t o  n o r m a t i v e  m i n e r a l s .  On t h i s  b a s i s  t h e  i n t r u s i o n s  
f a l l  i n t o  t h r e e  g r o u p s ;
i ) p e r a l u m i n o u s  ( t h o s e  w i t h  n o r m a t i v e  c o r u n d u m ) ;  
G arn  B oduan,  Bwlch  Mawr,  L l a n b e d r o g  and G a r n f o r  
( L L 5 , 6 , 1 1 ) ;
i i )  m e t a l u m i n o u s  ( t h o s e  w i t h  n o r m a t i v e  d i o p s i d e  and  
a n o r t h i t e ) ;  G a r n f o r  ( e x c e p t  L L 5 , 6 , 1 1 ) ,  G urn  Ddu,  
Garn F a d r o n ,  G arn  Boduan ( L L 1 3 8 - 1 4 1 ) , P e n r h y n  
B o d e i 1 a s ;
i i i )  p e r a l k a l i n e  ( t h o s e  w i t h  n o r m a t i v e  a c m i t e ) ;  
N a n h o r o n .
A b r i e f  g e o c h e m i c a l  d e s c r i p t i o n  o f  ea c h  i n t r u s i o n  
f o l l o w s .  T a b l e  1 shows t h e  r a n g e s  o f  o x i d e s  and t r a c e  
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1. G a r n f o r
T h e r e  a r e  tw o  d i s t i n c t  g r o u p s  w i t h i n  t h e  G a r n f o r  
i n t r u s i o n .  The  g e o c h e m i c a l  a n a l y s e s  c o n f i r m  t h i s  w i t h  a  
g r o u p  o f  s a m p l e s  a r o u n d  61% S iO #  and a n o t h e r  g r o u p  
a r o u n d  66% S i O # .  The a n a l y s e s  a l s o ^ s h o w  t h a t  F e # 0 # , ,  
T i O #  , MgO, Y and Sr  d e c r e a s e  w i t h  t h e  i n c r e a s i n g  S iO #  
and K # 0 ,  N a # 0 ,  Th ,  Z r , Rb and Nb i n c r e a s e  w i t h
i n c r e a s i n g  S i O # .
2 .  Gurn Ddu and B w lch  Mawr
T h e s e  tw o  i n t r u s i o n s  p l o t  c l o s e  t o  e a c h  o t h e r  and h a v e  
c l o s e  g e o g r a p h i c a l  p r o x i m i t y .  T h e i r  g e o c h e m i s t r y  i s  v e r y  
s i m i l a r , B w l c h  Mawr h a v i n g  s l i g h t l y  more  CaO and much 
l e s s  Ba.
3 .  N an h o ro n  and F o e l  Gron
The N a n h o ro n  g r a n o p h y r e  i s  a p e r a l k a l i n e  r o c k  w i t h  V . h ig h
k
c o n c e n t r a t i o n s  o f  Nb and Zr« The  S iO #  c o n t e n t  i s  s i m i l a r  
t o  t h a t  o f  t h e  L l a n b e d r o g  i n t r u s i o n  b u t  t h e  N a n h o ro n  
g r a n o p h y r e  i s  l o w e r  i n  A l# O s  and Ba ,  b u t  i s  h i g h e r  i n  
Fe#Oa , CaO, Nb, Rb, V and Z r . F o e l  Gron i s  o f  s i m i l a r  
c o m p o s i t i o n  w i t h  h i g h  Rb, T h ,  Y , Z r ,  Nb and lo w  Ba and  
S r .
4 -  L l a n b e d r o g
The s a m p le s  when p l o t t e d  on M a r k e r  d i a g r a m s  show a 
l i n e a r  r e l a t i o n s h i p  w i t h  e a c h  o t h e r ,  d e c r e a s i n g  i n  Fe#Oa  
and K#0 w i t h  i n c r e a s i n g  S iO #  and i n c r e a s i n g  i n  T i O #  and  
Na-#0 w i t h  i n c r e a s i n g  S iO #  and S r .  T he  i n t r u s i o n  h a s  a
h i g h  K#0 c o n t e n t  and i s  lo w  i n  Zr  and Sr b u t  h i g h  i n  Y 
and Rb.
5 .  P e n r h y n  B o d e i l a s
T h e s e  s a m p l e s  fo rm  a s m a l l  c l u s t e r  on M a r k e r  d i a g r a m s .  
They  h a v e  h i g h  Zr  and Ba and a r e  s i m i l a r  i n  c h e m i s t r y  t o  
G arn  F a d r o n .
6 .  G arn  F a d r o n
T h i s  i n t r u s i o n  a l s o  h a s  h i g h  Zr and Ba c o n t e n t  b u t  t h e  
Zr c o n t e n t  i s  n o t  a s  h i g h  a s  i n  P e n r h y n  B o d e i l a s .  A l # O a
i s  a l s o  l o w e r  b u t  F e # 0 #  i s  h i g h e r .
7 .  Garn  Boduan
T h i s  i n t r u s i o n  i s  h i g h  i n  A l# O a  and Zr  r e l a t i v e  t o  t h e
o t h e r  i n t r u s i o n s  e x c e p t  N a n h o r o n .
D i s c u s s i o n
V a r i a t i o n  d i a g r a m s  such a s  F i g u r e s  2 3  and 2 4  a r e  u s e f u l  
d e v i c e s  f o r  i n v e s t i g a t i n g  t h e  o r i g i n  o f  d i f f e r e n c e s  i n  
c h e m i c a l  c o m p o s i t i o n  b e tw e e n  members o f  a r o c k  s e r i e s  
p resum e d  t o  r e p r e s e n t  s t a g e s  i n  t h e  e v o l u t i o n  o f  a  
magma. W i t h  t h e  a i d  o f  t h e  d i a g r a m ,  one  can  s i m u l a t e  
g r a p h i c a l l y  t h e  s u b t r a c t i o n  o f  m i n e r a l  p h a s e s  ( c r y s t a l  
f r a c t i o n a t i o n ,  l i q u i d  u n m i x i n g )  o r  a d d i t i o n  o f  r o c k  
m a t e r i a l s  o r  magmas ( a s s i m i l a t i o n  o r  h y b r i d i s m )  t o  
a s c e r t a i n  how c l o s e l y  t h e s e  p r o c e s s e s  m i g h t  be  a b l e  t o  
a c c o u n t  f o r  t h e  o b s e r v e d  c h e m i c a l  d i f f e r e n c e s  b e t w e e n  
members o f  t h e  r o c k  s e r i e s .
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F i g u r e  2 3  shows a p l o t  o f  m a j o r  o x i d e s  a g a i n s t  S iOæ.  
T h e r e  i s  a  s t e a d y  d e c r e a s e  i n  Fe^Oa a g a i n s t  i n c r e a s i n g  
S i O # .  T iO # ,M g O  and CaO a l s o  d e c r e a s e  a g a i n s t  i n c r e a s i n g  
S iO #  b u t  i n  a  l e s s  s t e a d y  w a y ,  m o r e  i n  a s e r i e s  o f  
a p p a r e n t  s t e p s .  K#0 i n c r e a s e s  w i t h  i n c r e a s i n g  S iO #  i n  a  
s i m i l a r  s o r t  o f  way .  Ma#0 and A 1 # 0#  b o t h  i n c r e a s e  w i t h  
i n c r e a s i n g  S iO #  u n t i l  70% S iO #  i s  r e a c h e d  and t h e n  
d e c r e a s e s  a s  S iO #  i n c r e a s e s . A l t h o u g h  t h e  N a n h o ro n  and  
L l a n b e d r o g  i n t r u s i o n s  h a v e  s i m i l a r  a m o u n ts  o f  S i O # ,  t h i s  
f i g u r e  shows t h a t  t h e i r  A1#0#^
T i O # ,  F e # 0 #  and CaO c o n t e n t s  a r e  s i g n i f i c a n t l y  
d i f f e r e n t . T h e  s c a t t e r  may be  due  t o  t h e  f a c t  t h a t  some 
o f  t h e  i n t r u s i o n s  a r e  v e r y  p o r p h y r i t i c  ( s e e  A p p e n d i x  
1 ) (G a rn  f o r , L I a n b e d r o g , P e n r h y n  B o d e i 1 a s , G u r n  D d u , B w l c h  
Mawr and G arn  B o d u a n ) ,  and t h i s  c an  a f f e c t  t h e  o v e r a l l  
c h e m i c a l  a n a l y s i s ; i . e . i n  a v e r y  p o r p h y r i t i c  s a m p l e  t h e  
c o m p o s i t i o n  o f  t h e  p h e n o c r y s t s  w o u ld  a f f e c t  t h e  o v e r a l l  
c o m p o s i t i o n  when a n a l y s e d . I n  t h i s  c a s e  t h i s  i s  n o t  o f  
g r e a t  i m p o r t a n c e .
F i g u r e  2 4  i s  a p l o t  o f  s e l e c t e d  t r a c e  e l e m e n t s  a g a i n s t  
S i O # .  Sr  d e c r e a s e s  w i t h  i n c r e a s i n g  S i O #  b u t  t h e r e  i s  a  
l a r g e  e l e m e n t  o f  s c a t t e r . T h i s  m a y  be due  t o  t h e  f a c t  
t h a t  Sr  i s  a m o b i l e  e l e m e n t  and t h e  i n t r u s i o n s  h a v e  b e en  
s u b j e c t  t o  a l t e r a t i o n .  Rb i n c r e a s e s  w i t h  i n c r e a s i n g  S iO #  
b u t  a l s o  h a s  a l a r g e  e l e m e n t  o f  s c a t t e r ,  p r o b a b l y  f o r  
t h e  same r e a s o n  a s  S r .  Y s t a y s  a t  a f a i r l y  s t e a d y  
c o n c e n t r a t i o n  u n t i l  r i s i n g  s h a r p l y  b e t w e e n  70  -  74%
6 1 .
600 
































p  c A o ï  □ °  
a a






^ v w  ? V














i  i  






C l m 
C Q





05 2  
&_ Cl 
C l '«H 








iN >,X CD 01
01 X3 
i- •  22 rM
C lO  U
•I-* -iH CLi_ en ‘H
(0
% Ï M  +O ^B N
F i g u r e  2 5 .  C l a s s i f i c a t i o n  a c c o r d i n g  t o  Z a n n e t t  i n  ( 1 9 8 8 )  
sh o w in g  t h e  f i e l d s  i n  w h ic h  t h e  l a v a s  a r e  c o n t a i n e d .  
O n l y  d a t a  f rom t h i s  s t u d y  i s  p l o t t e d .
63
S i O a .  Mb h a s  a s i m i l a r  t r e n d  t o  Y« Zr  i n c r e a s e s  s t e a d i l y  
w i t h  i n c r e a s i n g  S iO ^  u n t i l  70% S i O # ,  t h e n  f ro m  66% S iO #  
t o  t h e  lo w  Sr  i n t r u s i o n  ( L l a n b e d r o g )  f o r m i n g  tw o  
s e p a r a t e  g r o u p s .  The  i n c r e a s e  o f  Sr  c o n t e n t  c o u l d  be  
c a u s e d  by  p l a g i o c 1a s e  c r y s t a l l i s a t i o n .
C h e m i s t r y  o f  t h e  l a v a s
On F i g u r e  2 2  t h e  l a v a s  p l o t  a s  b a s a l t ,  b a s a l t i c  
a n d é s i t e ,  a n d é s i t e  and t r a c h y a n d e s i t e .
F i g u r e  2 5  i s  a p l o t  o f  t h e  l a v a s  o n t o  a T o t a l  
A l k a l i “ S i  1 i c a  d i a g r a m  w h ic h  h a s  been  p r o p o s e d  a s  a  
d e f i n i t i v e  c l a s s i f i c a t i o n  f o r  v o l c a n i c  r o c k s  
( Z a n e t t i n , 1 9 8 4 ) .  H e r e  t h e  l a v a s  a r e  c l a s s e d  a s  b a s a l t ,  
b a s a l t i c  a n d é s i t e ,  t r a c h y a n d e s i t e ,  d a c i t e  and  
b e n m o r e i t e .
When t h e  c h e m i c a l  a n a l y s e s  w e r e  r e c a l c u l a t e d  i n t o  
n o r m a t i v e  m i n e r a l s  i t  was c l e a r  t h a t  L L 1 4 2  i s  a  
t h o l e i i t i c  b a s a l t ; i . e .  i t  h a s  n o r m a t i v e  q u a r t z  and  
h y p e r s t h e n e  d e s p i t e  a r e l a t i v e l y  h i g h  F e O /F e ^ O s .  The  
Moel y  Penmaen a n d é s i t e ^  L L 1 5 5 , L L l 4 3 , L L 1 5 3  and L L 1 5 4  
a l s o  h a v e  q u a r t z  and h y p e r s t h e n e  and may t h e r e f o r e  be  
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D i s c u s s i o n  o f  l a v a s  and t h e i r  r e l a t i o n s h i p  t o  t h e  
i n t r u s i o n s
F i g u r e  2 6  shows an a d d i t i o n  -  s u b t r a c t i o n  d i a g r a m  w h e re  
t h e  b a s a I t , L L l 4 2  and an a v e r a g e  N a n h o ro n  c o m p o s i t i o n ,  
L L 3 9  a r e  p l o t t e d ,  t h e  p o i n t s  j o i n e d  t o g e t h e r  by  a l i n e  
w h ic h  i s  e x t r a p o l a t e d  b a c k w a r d s  t o  t h e  more b a s i c  end o f  
t h e  p l o t .  L L 1 4 2  was c h o se n  b e c a u s e  i t  i s  an u n u s u a l l y  
f r e s h  b a s a l t  and a l s o  t o  t e s t  t h e  h y p o t h e s i s  t h a t  t h e  
g r a n i t i c  i n t r u s i o n s  c o u l d  h a v e  b e en  g e n e r a t e d  f ro m  a  
b a s a l t i c  magama.Frorn t h i s  i t  can  be  seen  t h a t  t h e  most  
b a s i c  p o s s i b l e  c r y s t a l  e x t r a c t  t h a t  can  be  rem o ved  f ro m  
L L 1 4 2  t o  y i e l d  N a n h o ro n  i s  o f  c o m p o s i t i o n  a t  w h i c h  Ks>0 
becomes z e r o , i . e . S i O a  48%,AlæOæ 15%, CaO 9%, MgO 5 .8 %  
T i O s  3 . l% ,F e e O s  3 . 0 5 % , F e O  8 . 8 % ,  N a«0  2 . 8 % , P = 0 a  0 .5 %  and  
K%0 0 . 0 % .  The  most l i k e l y  m i n e r a l  composi  t  i o n  o f  t h i s
e x t r a c t  w o u ld  be  p l a g i o c l a s e ,  o r t h o p y r o x e n e  and  
c 1 i n o p y r o x e n e -  L L 1 4 2  c o n t a i n s  p h e n o c r y s t s  o f  p l a g i o c l a s e  
and a l t e r e d  p y r o x e n e  so  i s  t h e r e f o r e  a p o s s i b l e  p a r e n t  
magma.The  amount  o f  g r a n i t e  p r o d u c e d  by  r e m o v a l  o f  such  
a c r y s t a l  e x t r a c t  a s  t h a t  a b o v e  f ro m  L L 1 4 2  can  be  
c a l c u l a t e d  a s  f o l l o w s :
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Amount o f  g r a n i t e  p r o d u c ed
SiOcs i n  L L 1 4 2  -  S iO ^  i n  c r y s t a l  e x t r a c t
__________________________________________________  X 100
SiOïs i n  L L 3 9  -  SiO% i n  c r y s t a l  e x t r a c t
5 2 . 2 5  -  48
” __________________X 100
7 4 . 0 0 " - ~ 4 8  
= 1 6 .3 5 %
T h i s  i s  t h e  maximum amount  o f  g r a n i t e  w h ic h  c o u l d  be  
p r o d u c e d  a s  some c r y s t a l s  m i g h t  n o t  be  c o m p l e t e l y  
rem ove d  f ro m  t h e  m e l t  and some s u b s t i t u t i o n  o f  K f o r  Na 
w o uld  o c c u r  i n  p l a g i o c l a s e .
The  p e r c e n t a g e  o f  i n t e r m e d i a t e  magma o f  62% S iO ^  
p r o d u c e d
S i  Osa i n  L L l  4 2  -  SiOs> i n  c r y s t a l  e x t r a c t
______________________________________________________________________________X 100
62  -  Sibsï  i n  c r y s t a l  e x t r a c t
5 2 . 2 5  -  4 8
= __________________X 100
6 2  -  48
= 3 0 . 3 6 %
T h i s  a g a i n  i s  a maximum f i g u r e .  F i g u r e  2 6  shows t h a t  
f r a c t i o n a l  c r y s t a l l i s a t i o n  c o u l d  e a s i l y  h a v e  p r o d u c e d  
t h e  i n t r u s i o n s  and s h o u l d  p r o d u c e  a  r a n g e  o f  b a s i c  t o  
a c i d i c  r o c k  t y p e s  w i t h  a b o u t  t w i c e  a s  much i n t e r m e d i a t e  
a s  a c i d i c  r o c k .
The  n o r m a t i v e  a n a l y s i s  o f  t h e  p o s s i b l e  c r y s t a l  e x t r a c t  
was c a l c u l a t e d ,  t h e  f o l l o w i n g  c o m p o s i t i o n  b e i n g  
o b t a i n e d :
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FeOt
N a 2 0 + K 2 0 MgO
F i g u r e  2 7 .  AFM d i a g r a m .  The d a sh e d  l i n e s  s e p a r a t e  
t  h o l e i i t i  c ( T H ) f rom  c a l c  -  a 1 k a l  i n  e ( C A ) a s sh o  c  i a t  i c:' n s 
u s i n g  t h e  c r i t e r i a  o f  I r v i n e  and B a r a g a r  C1971 Symbol 's  
as  irt F i g u r e  2 2 .  D a t a  f ro m  C r o u d a c e  ( 1 9 8 1 )  i n c l u d e d .
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Q u a r t z  4 .4 7 %
I l m e n i t e  6 .1 5 %
An o r  t  h i  t  e 2 9 -  74%
A l b i t e  21 » 22%
M a g n e t i t e  4 .5 5 %
D i  o p s i d e  1 0 .6 6 %
H y p e r s t h e n e  1 9 .0 4 %
A p a t i t e  1 .1 6 %
T h i s  n o r m a t i v e  c o m p o s i t i o n  i s  t y p i c a l  o f  a t h o l e i i t i c  
b a s a l t ,  c o n f i r m i n g  t h e  t r e n d  s u g g e s t e d  by  t h e  m i c r o p r o b e  
and b u l k  c h e m i c a l  d a t a .
I n  o r d e r  t o  c o n f i r m  t h e  t h o l e i i t i c  c h a r a c t e r i s t i c s  
s u g g e s t e d  by  t h e  m i c r o p r o b e  and n o r m a t i v e  a n a l y s e s ,  t h e  
l a v a s  and i n t r u s i o n s  w e r e  a l s o  p l o t t e d  on an AFM d i a g r a m  
( F i g u r e  2 7 )  w h ic h  c o n f i r m s  t h a t  some o f  t h e  i n t r u s i o n s  
a t  l e a s t  a r e  t h o l e i i t i c  w h i l e  t h e  o t h e r s  a r e  
c a l c - a l k a l i n e .  The  c r i t e r i a  o f  I r v i n e  and B a r a g a r  ( 1 9 7 1 )  
w ^ ^  used  t o  d ra w  i n  t h e  t r e n d  l i n e s .  A l l  t h e  l a v a s ,  
i n c l u d i n g  Moel  y P e n m a e n , t h e  i n t r u s i o n s  o f  G arn  
F a d r o n , G u r n  Ddu and N a n h o ro n  p l o t  ( o ^ t h e  t h o l e i i t i c  
a s s o c i a t i o n  w h i l e  t h e  o t h e r s  p l o t ( o ^  t h e  c a l c - a l k a l i n e  
a s s o c i a t i o n ,  a l t h o u g h  t h i s  d i v i s i o n  i s  n o t  c o n s i d e r e d  a s  
b e i n g  o f  i m p o r t a n c e  h e r e .
From t h e  t r a c e  e l e m e n t  d a t a  p l o t t e d  i n  F i g u r e  2 4 ,  i t  i s  




F i g u r e  2 8 .  F l u t  o f  Nb a g a i n s t  Z r . S ym bols  as i n  F i g u r  
D a t a  f rom C r o u d a c e  ( 1 9 8 1 )  i n c l u d e d .
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a r e  t h e  most p o w e r f u l  means o f  d i s c r i m i n a t i o n  b e t w e e n  
t h e  i n t r u s i o n s .  T h e s e  e l e m e n t s  a r e  a l s o  b e l i e v e d  t o  be  
r e l a t i v e l y  s t a b l e  d u r i n g  a l t e r a t i o n .  A l t h o u g h  some 
d i s c r i m i n a t i o n  i s  shown by  Rb and S r , t h e  a l t e r e d  
c h a r a c t e r  o f  f e l d s p a r  d i s c u s s e d  e a r l i e r  i n d i c a t e s  t h a t  
t h e s e  e l e m e n t s  may h a v e  been  m o b i l e .  The l a v a s  and  
i n t r u s i o n s  t o g e t h e r  w i t h  d a t a  f ro m  C r o u d a c e  ( 1 9 8 1 )  w e r e  
p l o t t e d  on a Zr v e r s u s  1Mb d i a g r a m  ( F i g u r e  2 8 ) .  The  
i n t r u s i o n s  f a l l  i n t o  f i v e  c h e m i c a l  g r o u p s  w h ic h  a r e  n o t  
s i m p l y  g e o g r a p h i c a l l y  r e l a t e d :
a )  L l a n b e d r o g  ( 1 3 )  and t h e  Yr  E i f 1 f e l s i t e ( 4 )
b )  N a n h o ro n  ( 1 0 )  and F o e l  G r o n ( 1 2 )
c )  G a r n f o r ( 3 )
d )  G a rn  Boduan ( 8 ) , P e n r h y n  B o d e i l a s  ( 7 ) , Mynydd  
N e f y n  ( 6 )  and t h e  Yr  E i f 1 m i c r o g r a n i t e (Y )
e )  G arn  F a d r o n  ( 9 ) , Gurn Ddu ( I S ) , B w l c h  Mawr 
( 1 ) , Gurn  Goch ( 2 ) , L I a n g y b i  ( L ) , Moel  P e n l 1e ch o g  (M)  
and P e n r h y n  G l a s  ( C a r r e g - y - L l a m )  ( 5 ) .
The Moel  y  Penmaen a n d é s i t e  i s  q u i t e  h i g h  i n  Zr  and
p l o t s  w i t h  g r o u p  5 .  The  b a s a l t , L L l 4 2  and t h e
a n d é s i t e , L L 1 4 3  p l o t  s e p a r a t e l y  on t h e  d i a g r a m  s h o w in g
t r e n d s  w h ic h  w i l l  be  d i s c u s s e d  l a t e r . L L 1 5 4 , 155  and 163
p l o t  w i t h  t h e  i n t r u s i o n s  and L L l 5 6 ,  a p r i m i t i v e  b a s a l t
p l o t s  on i t s  own. L L 1 5 6  p o s e s  i n t e r p r e t a t i o n  p r o b l e m s .
L e a t  and T h o r p e  ( 1 9 8 6 )  c o n s i d e r  i t  n o t  t o  be  c h e m i c a l l y
r e l a t e d  t o  a n y  o f  t h e  o t h e r  C a r a d o c i a n  v o l c a n i c  r o c k s  o f  
A
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F i g u r e  2 9 .  Q -O r -A b  s y s te m  s h o w in g  p o s i t i o n s  o f  c o t e c t x c  
l i n e s  and m in im a  o r  t e r n a r y  e u t e c t i c s  f o r  FVi^u o f
0 . 5 , 1 , 3  and S k b a r s .  The p o s i t i o n s  o f  t e m p e r a t u r e  m in im a  
on t h e  q u a r t z - f e l d s p a r  c o t e c t i c  l i n e  a r e  i n d i c a t e d  by  
m,and e i n d i c a t e s  t h e  p o s i t i o n  o f  a t e r n a r y  e u t e c t i * .  
b e t w e e n  q u a r t z  and tw o  f e l d s p a r s .  S ym b o ls  as  i n  F i g u r e
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To s e e  what  i n f o r m a t i o n  c o u l d  be  d e r i v e d  c o n c e r n i n g  t h e  
c r y s t a l l i s a t i o n  o f  t h e  g r a n i t i c  i n t r u s i o n s ,  t h e  sum o f  
n o r m a t i v e  Q,Ab and Or and t h e i r  p e r c e n t a g e s  r e l a t i v e  t o  
t h a t  sum w e r e  c a l c u l a t e d .  The  c o m p o s i t i o n  o f  e a c h  
i n t r u s i o n  i n  t e r m s  o f  t h e s e  t h r e e  n o r m a t i v e  m i n e r a l s  was  
t h e n  p l o t t e d  on t h e  g r a n i t e  s y s t e m  p h a s e  d i a g r a m  ( F i g u r e  
2 9 ) .  Two o f  t h e  Garn  Boduan a n a l y s e s  p l o t  i n  t h e  q u a r t z  
f i e l d  f o r  a l l  v a l u e s  o f  A l l  o f  t h e  o t h e r  a n a l y s e s
e x c e p t  one  o f  t h e  B w lch  Mawr and f i v e  o f  G arn  Boduan  
c o u l d  b e  c o n s i d e r e d  t o  p l o t  i n  t h e  q u a r t z  o r  a l k a l i  
f e l d s p a r  f i e l d ,  d e p e n d in g  on t h e i r  a s s u m e d  p r e s s u r e  o f  
c r y s t a l l i s a t i o n ;  b u t  a l l  e x c e p t  t h o s e  p r e v i o u s l y  
m e n t i o n e d  p l o t  i n  t h e  a l k a l i  f e l d s p a r  f i e l d  f o r  v a l u e s  
o f  l e s s  t h a n  0 . 5  k b a r .
T he  Q -A b - O r  p l o t  i n d i c a t e s  t h a t  s i n c e  t h e  i n t r u s i o n s  
fo rm  a t r e n d  f ro m  n e a r  t h e  A b - O r  s y t e m  t o  t h e  minimum a t  
P -  lO O O k b a r ,  some o f  t h e  i n t r u s i o n s  c r y s t a l l i s e d  a t  a 
lov^ p r e s s u r e  ( a b o u t  I k b a r )  and may t h e r e f o r e  h a v e  
c r y s t a l l i s e d  b e n e a t h  v o l c a n o e s . ( A  p r e s s u r e  o f  I k b a r  i s  
e q u i v a l e n t  t o  a d e p t h  o f  2 - 3  kms) The Q - A b - D r  s y s t e m  
s u g g e s t s  t h a t  u n d e r c o n d i t i o n s  o f  f r a c t i o n a l  
c r y s t a l l i s a t i o n ,  l i q u i d s  c o n t a i n i n g  q u a r t z  and a l k a l i  
f e l d s p a r  w i l l  a l w a y s  f i n i s h  c r y s t a l l i s i n g  n e a r  t h e  
g r a n i t e  m in im a  (m a rk e d  on F i g u r e  2 9 ) .  O n l y  t h e  N a n h o r o n  
i n t r u s i o n  f u l f i l s  t h i s  c r i t e r ^ ^  ( a t  Pm /^o . I k b a r )  a l t h o u g h  
L l a n b e d r o g  c o u l d  a l s o  be  c o n s i d e r e d  t o  f i t .  T h i s  
s u g g e s t s  t h a t  t h e s e  tw o  i n t r u s i o n s  c o u l d  r e p r e s e n t  t h e
73
I I C a lad o n la n  
H H  O rd o v ic ia n
F i g u r e  3 0 .  T r e m l e t t  ( 1 9 7 2 )  g r o u p i n g  o f  t h e  i n t r u s i o n s .
Ourn Odu aa rla a
F i g u r e  3 1 .  C r o u d a c e  ( 1 9 8 1 )  g r o u p i n g  o f  t h e  i n t r u s i o n s
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e x t r e m e  end p r o d u c t  o f  f r a c t i o n a l  c r y s t a l l i s a t i o n  
p r o c e s s .  T h i s  i s  c o n s i s t e n t  w i t h  c a l c u l a t i o n s  - made 
e a r l i e r  u s i n g  F i g u r e  2 6  e t c .
C o n c l u s i o n s
T h i s  s t u d y  e n a b l e s  t h e  g r a n i t e s  t o  be  c l a s s i f i e d  u s i n g  
c h e m i c a l  c r i t e r i a . T r e m l e t t  ( 1 9 7 2 )  d i v i d e d  t h e  i n t r u s i o n s  
i n t o  tw o  g r o u p s  a c c o r d i n g  t o  t h e i r  g e o c h e m i s t r y ;  h i s  
g r o u p s  w e r e  d i v i d e d  i n t o  d i s t i n c t  a g e s :  O r d o v i c i a n  and
S i l u r i a n - D e v o n i a n .  He s t a t e d  t h a t  t h e  O r d o v i c i a n  
i n t r u s i o n s  w e r e  h i g h e r  i n  S i O # ,  l o w e r  i n  A l^ O a  and CaO 
and had a l o w e r  Na^O/K^O r a t i o  t h a n  t h e  
S i l u r i a n - D e v o n  i  an i n t r u s i o n s .  T h e y  a 1 so  oc c up i  ed  
d i f f e r e n t  p o s i t i o n s  on t h e  Q : O r : A b  d i a g r a m -  He a l s o  
s e p a r a t e d  t h e  i n t r u s i o n s  by  c o m p a r i n g  Ba/K%0 and R b / K # 0 ,  
Zr and Y ,  and L i  and MgO. F i g u r e  3 0  shows h i s  g r o u p i n g  
o f  t h e  i n t r u s i o n s .
C r o u d a c e  ( 1 9 8 1 )  a l s o  d i v i d e d  t h e  i n t r u s i o n s  i n t o  g r o u p s  
a c c o r d i n g  t o  t h e i r  g e o c h e m i s t r y ,  a l t h o u g h  he  r e g a r d e d  
th e m  a s  e s s e n t i a l l y  t h e  same a g e  ( O r d o v i c i a n ) .  T h i s  
s u b d i v i s i o n  i s  s u m m a r is e d  a s  f o i l o w s :
1 .  P e r a l k a l i n e  g ro u p
T h i s  i n c l u d e s  t h e  i n t r u s i o n s  o f  N a n h o r o n , F o e l  Gron  
and M y n y t h o .
2 .  S u b a l k a l i n e  g r o u p
a .  G a r n f o r  s e r i e s : -  I n n e r  and o u t e r  G a r n f o r  and t h e  
Yr E i f l  f  e l  s i t e .
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iN tnnoron, Fo#l Oron
HO lirn  Ddu, P tnrhyn  O las.O Drn Fad ro n , Bwlch Mawr, Gurn G o c h ,L la n g y b l,M o a l P -n lla c h o g
S î i S W  ...........
G a rn fo r
L la n b o d ro g ,Y /E ll i  f a la i t t
\
F i g u r e  3 z .  G r o u p i n g  o f  t h e  i n t r u s i  ons ac:cc>rd i  nq t o  tk i i  s 
s t u d y .
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b-  P e n r h y n  B o d e i l a s  s e r i e s : -  P e n r h y n  B o d e i l a s ,  
Mynydd N e f y n , C a r r e g - y - L l a m  ( P e n r h y n  G l a s ) ,  P i s t y l l ,  
Yr E i f l  m i c r o g r a n i t e  and L l a n b e d r o g .
c . Gurn Ddu s e r i e s : -  Gurn  Ddu,  Moel P e n l l e c h o g ,  
L l a n g y b i  and Gurn Goch
The s u b d i v i s i o n  i n t o  t h r e e  e v o l u t i o n a r y  s e r i e s  o f  
t h e  s u b a l k a l i n e  g r o u p  i s  b a s e d  on c o h e r e n t  t r e n d s  
on v a r i a t i o n  d i a g r a m s  f o r  t h e  t h r e e  sub g r o u p s  w i t h  
t h e  Moel Y Penmaen l a v a  a t  t h e  end o f  e a c h  t r e n d .  
F i g u r e  31 i l l u s t r a t e s  t h i s  g r o u p i n g .
T h i s  s t u d y  p l a c e s  t h e  i n t r u s i o n s  i n t o  f i v e  c h e m i c a l  
g r o u p s  u s i n g  t h e  h i g h  f i e l d  s t r e n g t h  e l e m e n t s  Z r  and N b . 
The f i v e  g r o u p s  a r e : -  ( F i g u r e  3 2 )
a .  L l a n b e d r o g  and t h e  Y r  E i f l  f e l s i t e ,  t h e  
L l a n b e d r o g  i n t r u s i o n  p l o t t i n g  n e a r  t h e  g r a n i t e  
minimum on t h e  Q : O r : A b  d i a g r a m  a t  Pw^o 5 k b a r .
b . N a n h o ro n  and F o e l G ro n ,  t h e  N a n h o ro n  i n t r u s i o n  
b e i n g  a p e r a l k a l i n e  g r a n i t e  and p l o t t i n g  n e a r  t h e  
g r a n i t e  minimum on t h e  Q : G r : A b  d i a g r a m  a t  I k b a r .
c .  G a r n f o r
d .  G arn  B o d u a n , P e n r h y n  B o d e i l a s , M y n y d d  N e f y n  and  
t h e  Yr  E i f l  m i c r o g r a n i t e .
e .  G arn  F a d r o n ,  Gurn Ddu,  B w lch  Mawr,  Gurn  Goch,  
L l a n g y b i ,  Moel  P e n l l e c h o g  and C a r r e g - y - L l a m .
The  m a in  d i f f e r e n c e  b e tw e e n  C r o u d a c e ' s  g r o u p i n g  and t h e  
f i v e f o l d  s u b d i v i s i o n  p r e s e n t e d  h e r e  i s  t h e  p r o p o s a l  t o
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p u t  t h e  L l a n b e d r o g  i n t r u s i o n  and t h e  Y r  E i f l  f e l s i t e  
i n t o  a s e p a r a t e  c a t e g o r y . P e n r h y n  G l a s  ( C a r r e g  y  L i a m )  i s  
a l s o  p l a c e d  i n  t h e  G urn Ddu g r o u p ,  n o t  i n  t h e  P e n r h y n  
B o d e i l a s  s e r i e s . T h i s  s t u d y  t h e r e f o r e  m a i n l y  c o n f i r m s  t h e  
g r o u p i n g  o f  C r o u d a c e . T h e  d i f f e r e n c e s  a r e  n o t  c o n s i d e r e d  
s i g n i f i c a n t  a t  t h i s  s t a g e .
I t  i s  a l s o  c o n c l u d e d  t h a t  t h e  b a s a l t s  and a n d é s i t e s  
a p p e a r  t o  h a v e  t h o l e i i t i c  t e n d e n c i e s  a s  shown b y  t h e i r  
n o r m a t i v e  c o m p o s i t io n ^  and F i g u r e s  19 and 2 7 . ( ^ n ^ t h a t  t h e  
i n t r u s i o n s  c o u l d  be  d e r i v e d  f ro m  a b a s a l t  such  a s  L L 1 4 2  
b y  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  p l a g i o c l a s e  and  
c l i n o p y r o x e n e ,  t h e  r e l a t i v e  v o lu m e  o f  a c i d  and  
i n t e r m e d i a t e  i n t r u s i o n s  b e i n g  c o n s i s t e n t  w i t h  s uch  an  
or  i  q i  n .
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C h a & te c _ 6
P e t r o g e n e t i c  m o d e l l i n g  and d i s c u s s i o n
The g e o c h e m i c a l  r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s
c h a p t e r  h a v e  shown t h a t  t h e  i n t r u s i o n s  can be  d i v i d e d  
i n t o  g r o u p s  by  t h e i r  c h e m i c a l  c o m p o s i t i o n  and t h a t  t h e y  
may h a v e  b een  d e r i v e d  f ro m  a b a s a l t  magma by  f r a c t i o n a l  
c r y s t a l l i s a t i o n  o f  t h e  p h e n o c r y s t  p h a s e s  ( p l a g i o c l a s e  
and p y r o x e n e ) .  I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  g r o u p s  and t h e  f r a c t i o n a l
c r y s t a l l i s a t i o n  p r o c e s s e s  p e t r o g e n e t i c  m o d e l l i n g  was
u n d e r t a k e n .
The  u s e  o f  m o d e l l i n g  e q u a t i o n s  h a s  e n a b l e d  p e t r o l o g i s t s  
t o  t e s t  t h e i r  e v o l u t i o n a r y  h y p o t h e s e s  f o r  i g n e o u s  
s u i t e s .  R a y l e i g h  ( 1 8 9 6 )  f i r s t  f o r m u l a t e d  an e x p r e s s i o n  
t o  d e s c r i b e  mass f r a c t i o n a t i o n  d u r i n g  d i s t i l l a t i o n .  T h i s  
e q u a t i o n  was t h e n  d e v e l o p e d  f o r  p a r t i a l  m e l t i n g  
e q u a t i o n s  ( G a s t  1 9 6 8 ) , z o n e  r e f i n i n g e q u a t i o n s  ( H a r r i s  
1 9 5 7 ) ,  magma p lu m b i n g  ( O ' H a r a  1 9 7 7 )  and f o r  o t h e r  
m o d e l l i n g  e q u a t i o n s  ( A r t h  1 9 7 6 , Hanson 1 9 7 8 ) .
The  a p p l i c a t i o n  o f  m o d e l l i n g  e q u a t i o n s  i s  now w i d e l y  
u sed  b u t  a u n i q u e  s o l u t i o n  can  o f t e n  o n l y  be p r o v i d e d  by  
u s i n g  a l a r g e  num ber o f  m o d e l s .  The  f r a c t i o n a l  
c r y s t a l 1 i s a t i o n  p r o c e s s  c o m p r i s e s  tw o  v a r i a n t s .  I t  can  
e i t h e r  be  d e s c r i b e d  by  R a y l e i g h  s u r f a c e  -  e q u i l i b r i u m  
c r y s t a l l i s a t i o n  ( E q u a t i o n  1)  o r  by  t o t a l  e q u i l i b r i u m  
c r y s t a 1 1 i s a t  i  on ( E q u a t i  on 2 ) .
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E q u a t i o n  1
Cu.
~ po — 1
L'o
E q u a t i o n
C, 1
Co D ( l - F ) + F
w h e r e :
Cu. i  s t h e  c o n c e n t r a t i o n  o f  a t r a c e  e l e m e n t  i n  t h e  
1 i  q u i  d
Co i  s t h e  c o n c e n t r a t i o n  o f  a t r a c e  e l e m e n t  i n  t h e  
o r i g i n a l  m e l t
F i s  t h e  f r a c t i o n  o f  t h e  m e l t  r e m a i n i n g  
D i s  t h e  c r y s t a l - m e l t  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  
an e l e m e n t
When a m i n e r a l  i s  i n  c h e m i c a l  e q u i l i b r i u m  w i t h  a l i q u i d ,  
e l e m e n t s  a r e  p a r t i t i o n e d  b e t w e e n  t h e  tw o  p h a s e s  
a c c o r d i n g  t o  t h e  c h e m i c a l  a c t i v i t y  i n  e a c h .  The  
r e l a t i o n s h i p
C o n c e n t r a t i o n  i n  m i n e r a l  
Cone e n t  r a t i  on i n  1 i  q u i d
R a y l e i g h  f r a c t i o n a t i o n  i n v o l v e s  t h e  i n s t a n t a n e o u s  
e q u i l i b r i u m  c r y s t a l l i s a t i o n  o f  a m i n e r a l  w h ic h  i s  
c o m p l e t e l y  c o v e r e d  by a n o t h e r  l a y e r ,  t h u s  p r e v e n t i n g  
f u r t h e r  e q u i l i b r a t i o n  o f  t h e  c o v e r e d  c r y s t a l s  w i t h  t h e  
e v o l v i n g  m e l t .  T o t a l  e q u i l i b r i u m  c r y s t a l l i s a t i o n  i s  
l i k e l y  t o  o c c u r  i n  a s l o w l y  c o o l i n g  magma w h e r e  t h e  
w h o l e  c r y s t a l s  e q u i l i b r a t e  w i t h  t h e  l i q u i d  a n d  w h e r e  t h e  
s lo w  r a t e  o f  c o o l i n g  a l l o w s  e q u i l i b r i u m  t o  be m a i n t a i n e d  
by  d i f f u s i o n  o f  t h e  e l e m e n t s .  R a y l e i g h  c r y s t a l l i s a t i o n  
i s  more l i k e l y  t o  o c c u r  i n  an u p p e r - c r y s t a l  magma 
r e s e r v o i r  w h e r e  c o o l i n g  and c r y s t a l l i s a t i o n  r a t e s  a r e  
f a i r l y  h i g h .
T h e  p a r t i a l  m e l t i n g  p r o c e s s  c o m p r i s e s  t h r e e  v a r i a n t s :
i ) F r a c t i o n a l  m e l t i n g  w h e r e c o n t i n u o u s  rem o ya  1 o f  
v e r y  s m a l l  q u a n t i t i e s  o f  m e l t  a r e  r e m o v e d  f r o m  a  
r e s i d u a l  s o l i d ;
i  i ) B a t c h  m e l t i n g  w h e r e  t h e  m e l t  and s o l i d  a r e  i n  
c o n t i n u a l  e q u i l i b r i u m  u n t i l  t h e  m e l t  i s  f i n a l l y  
rem ove d  f ro m  t h e  s o l i d ;
i i i )  A g g r e g a t e  m e l t i n g  w h e r e  t h e  m e l t  i s  
c o n t i n u o u s l y  rem oved f ro m  t h e  s o l i d  b u t  i t  c o l l e c t s  
i n  a magma r e s e r v o i r .
Model i  i ) i s  t h e  most u s e d  a s  i t  i s  a m o r e  r e a s o n a b l e  
g e o l o g i c a l  m e c h a n is m .  The m o d e ls  c o n s i d e r e d  i n  t h i s  
s t u d y  a r e
Table Z Average shale composition (Medepohl 1971)
SiOg 58.9 Rb 140 •
TiOz 0.78 Sr 300
16.7 Ba 580
6.9 Zr 168
MnO 0.09 Y 41
MgO 2.6 La 48
CaO 2.2 Ca 95
NagO 1.6 Th 12
K2O 3.6
^2°5 8.16
Distribution coefficients were taken from Cox et al ( 1979) and
Pearce and Norry (1979) and are shown in Table %.
I
Tables Distribution coefficients for rocks of basic composition
Rb Sr Ba Zr Y Nb Ti
Orthopyroxene 0.081 0.01 0.001 0.03 0.2 0. 15 0.1
Clinopyroxene 0.081 0.07 0.001 0.1 0.5 0.1 0.3
PI agioclase 0.87 2.2 0.2 0.01 0.03 0.01 0.04
Amphibole 0.3 0.5 0.4 No data
Hornblende No data 0.5 1.0 0.8 1.5
Fe-Ti Oxide 3.1 0.88 1.1 0.1 0.2 0.4 7.5
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a )  P a r t i a l  m e l t i n g  o f  s e d i m e n t a r y  m a t e r i a l ;
b )  F r a c t i o n a l  c r y s t a l l i s a t i o n  f rom  a b a s a l t i c  
maqma.
a )  P a r t i a l  m e l t i n g  o f  s e d i m e n t a r y  m a t e r i a l
The m e l t i n g  o f  s e d i m e n t a r y  m a t e r i a l  h a s  o f t e n  been  p u t  
f o r w a r d  t o  e x p l a i n  t h e  g e n e r a t i o n  o f  t o n a l i t i c - g r a n i t i c  
m e l t s  ( A l b e r q u e r q u e  1 9 7 7 ) .  U s i n g  E q u a t i o n  2 ( b u t  
r e l a t i n g  t h e  t e r m s  t o  p a r t i a l  m e l t  r a t h e r  t h a n  
f r a c t i o n a l  c r y s t a l l i s a t i o n )  c a l c u l a t i o n s  w e r e  made f o r  
10% p a r t i a l  m e l t i n g  o f  an a v e r a g e  s h a l e  (W edepohl  1 9 7 1 ) ,  
t h e  c o m p o s i t i o n  o f  w h ic h  i s  g i v e n  i n  T a b 1 e 2 ,  and  
v e c t o r s  w e r e  c a l c u l a t e d  i n  t h e  f o l l o w i n g  m an n er :
U s in g  t h e  e q u a t i o n  1, Ci_ was c a l c u l a t e d  f o r  Z r  and Nb 
v a l u e s  i n  p l a g i o c l a s e , m a g n e t i t e , c l i n o  and o r t h o p y r o x e n e  
and h o r n b l e n d e  and p l o t t e d  on t h e  g r a p h  ( F i g u r e  
3 3 ) . V e c t o r s  w e r e  t h e n  d raw n  u s i n g  t h e  v a l u e s  o b t a i n e d  
f o r  C|„ and Co.
3
F i g u r e  3 4  shows a Zr v e r s u s  Y d i a g r a m  w i t h  v e c t o r s  f o r
10% p a r t i a l  m e l t i n g  o f  s h a l e .  The v e c t o r s  show t h a t  much 
more t h a n  1 0 % p a r t i a l  m e l t i n g  o f  s h a l e  i s  r e q u i r e d  t o  







Z r  ppm
F i g u r e  3 3 ,  Zr a g a i n s t  Y d i a g r a m  w i t h  v e c t o r s  f o r  107, 
p a r t i a l  m e l b i n g  o f  s h a l e .  S y m b o ls  as  i n  F i g u r e  2 2 .  D a t a  
f ro m  t h i s  s t u d y  o n l y .
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f rom  t h i s ,  t h e  c r i t e r i a  f o r  S - t y p e  g r a n i t e s  must be  
c o n s i d e r e d .
S - t y p e  g r a n i t e s  i . e  g r a n i t e s  d e r i v e d  f ro m  s e d i m e n t a r y  
m a t e r i a l  h a v e  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s  ( C h a p p e l l  
and W h i t e  1 9 7 4 ) :
1 « R e l  a t  i v e l y  1 ow Na^O , < 3 .  2% i  n r  oc  ks  wi t  h 5% K%;0 
2 « M o l a r  A1 •;«;0 3 , Na^aO "i" K.:z:0 "I’L-aO . 1^ ■ 1,
3 .  >17,  n o r m a t i v e  corundum ,
4 .  R e s t r i c t e d  r a n g e  o f  c o m p o s i t i o n s ,  d o m i n a n t l y  
g r a n i t e s ,
5 .  I r r e g u l a r  v a r i a t i o n  d i a g r a m s ,
6 . H ig h  i n i t i a l  ®^Sr /*^®Sr r a t i o s , >0 .  7 0 0 ,
7 .  Magma p o s s e s s e s  r e l a t i v e l y  lo w  o x y g e n  
f u g a c i t i e s ; i l m e n i t e  i s  a common m i n e r a l ,
8 . M u s c o v i t e  and b i o t i t e  a r e  common; h o r n b l e n d e  i s  
a b s e n t ,
9 .  M o n a z i t e , c o r d i e r i t e  and g a r n e t  a r e  common,
1 0 . T i n  m i n e r a l i s a t i o n .
C o m p a r in g  t h i s  c r i t e r i a  w i t h  t h e  m i n e r a l o g y  and c h e m i c a l  
a n a l y s e s  ( A p p e n d i x  3 )  none  o f  t h e  i n t r u s i o n s  f u l f i l  t h e  
c r i t e r i a  so  t h e  r e s u l t  o f  t h e  m o d e l l i n g  shown i n  F i g u r e  
3 ^ i s  o n l y  t o  be e x p e c t e d .  T h i s  r e s u l t  i s  n o t  c o n s i s t e n t  
w i t h  t h e  g r a n i t e s  b e i n g  p r o d u c e d  by  p a r t i a l  m e l t i n g .
b )  F r a c t i o n a l  c r y s t a l l i s a t i o n  f r o m  a  b a s a l t i c  ma gma
cpx/mt
-r  ppm
F i g u r e  o 4 .  P l o t  o f  Y a g a i n s t  Z r » The  v e c t o r s  a r e  f c r  50% 
f r a c t i o n a l  c r y s t a l l i s a t i o n .  S y m b o ls  as  i n  F i g u r e  2 2 .





F i g  u r e  3 5 .  F-' 1 o t  o f Nb a g a i n s t  Z r . TFie v e c t  o r  s a r e f o r 
50% f r a c t i o n a J .  c r y s t a l l i s a t i o n .  S ym b o ls  as i n  F ' ig u r e  
D a t a  from t h i s  s t u d y  o n l y .
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I n  a n y  l i q u i d / s o l i d  s y s t e m  t h e  r e l a t i v e  a b u n d a n c e  i n  t h e  
l i q u i d  o f  a p a i r  o f  e l e m e n t s  su ch  a s  Nb and Zr  w i l l  be  
c o n s t a n t  i f  t h e  b u l k  d i s t r i b u t i o n  c o e f f i c i e n t s  b e t w e e n  
t h e  c r y s t a l l i n e  and l i q u i d  p h a s e s  f o r  t h e  tw o  e l e m e n t s  
a r e  v e r y  lo w  ( < 0 . 1 ;  Weaver  e t  a l , 1 9 7 2 ) .  I f  t h e  a b u n d a n c e  
o f  a n y  p a i r  o f  such  e l e m e n t s  i n  t h e  l i q u i d s  t h u s  d e r i v e d  
a r e  p l o t t e d  a g a i n s t  e a c h  o t h e r  t h e  p l o t  w i l l  b e  a 
s t r a i g h t  l i n e .  Such a l i n e  w i l l  p r o j e c t  t h r o u g h  t h e  
o r i g i n ,  w i t h  t h e  s l o p e  d e t e r m i n e d  by  t h e  c o n c e n t r a t i o n s  
o f  t h e  tw o  e l e m e n t s  i n  t h e  i n i t i a l  l i q u i d .  Such e l e m e n t s  
w h ic h  a r e  a l m o s t  c o m p l e t e l y  r e t a i n e d  i n  t h e  l i q u i d  p h a s e  
d u r i n g  a n y  s o l i d / l i q u i d  r e a c t i o n ,  o r  a t  e q u i l i b r i u m  a r e  
t e r m e d  i n c o m p a t i b l e  e l e m e n t s .
The v a r i a t i o n  i n  t h e  t r a c e  e l e m e n t  c o n t e n t  o f  a magma 
u n d e r g o i n g  f r a c t i o n a l  c r y s t a l l i s a t i o n  can  be  i n t e r p r e t e d  
i n  t e r m s  o f  t h e  n a t u r e  and p r o p o r t i o n  o f  c r y s t a l  1 i s i n g  
p h a s e s . T h e o r e t i c a l  f r a c t i o n a t i o n  v e c t o r s  h a v e  b e en  drawn  
f o r  e a c h  d i a g r a m  u s i n g  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  
g i v e n  i n  T a b l e  3 .  A n e c e s s a r y  c o n d i t i o n  f o r  a n y  
f r a c t i o n a t i o n  t r e n d  t o  be c o r r e c t l y  i n t e r p r e t e d  i s  t h a t  
t h e  t h e o r e t i c a l  t r e n d s  s h o u l d  m atch  on a l l  v a r i a t i o n  
d i a g r a m s .
U s i n g  t h e  Y - Z r  d i a g r a m  ( F i g u r e  3 4 ) ,  t h e  m i n e r a l  v e c t o r s  
s u g g e s t  one  g r o u p  o f  i n t r u s i o n s  m i g h t  r e s u l t  f rom  50% 
f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  p l a g i o c l a s e  f ro m  t h e  
b a s a l t  l a v a  L L 1 4 2 .  T h i s  g r o u p  i n c l u d e s  Moel  Y
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F i g u r e  3 6 .  P l o t  o f  Sr a g a i n s t  Ba.  The v e c t o r s  a r e  f o r  
f r a c t  i o n a l  c r y s t a l  1 i s a t  i  o n . Symbol s a s  i n Ft .g u r e  










P e n m a e n ,B w lc h  M a w r ,G u r n  Ddu and G arn  F a d r o n .  F u r t h e r  
f r a c t i o n a l  c r y s t a l l i s a t i o n  c o u l d  r e s u l t  i n  t h e  N anh o ro n  
i n t r u s i o n .  C r y s t a l l i s a t i o n  o f  o r t h o - a n d  c l i n o p y r o x e n e  
w o u ld  i n c r e a s e  t h e  Zr and Y c o n t e n t  o f  t h e  r e s i d u a l
magma. I f  t h e r e  w e r e  5 0%  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  
o r t h o p y r o x e n e s  f ro m  t h e  b a s a l t i c  a n d é s i t e , L L 1 4 3 ,  t h e  
i n t r u s i o n s  o f  G arn  B o d u a n  and P e n r h y n  B o d e i l a s  w o u ld  
r e s u I t .  The i n t r u s i o n  G a r n f o r  c o u I d  r e s u I t  f ro m  50% 
f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  h o r n b l e n d e  f ro m  L L 1 4 3 .
On t h e  Z r - N b  d i a g r a m  ( F i g u r e  3 5 )  t h e  m i n e r a l  v e c t o r s  
s u g g e s t  t h a t  t h e  same g r o u p  o f  i n t r u s i o n s  (B w lc h
M a w r ,G u r n  Ddu and Garn  F a d r o n  and t h e  Moel Y Penmaen  
l a v a )  m i g h t  r e s u l t  f ro m  5 0%  f r a c t i o n a l  c r y s t a l l i a t i o n  o f  
p l a g i o c l a s e  a n d / o r  c l i n o p y r o x e n e  f ro m  t h e  b a s a l t  L L 1 4 2 .  
G a r n f o r  m i g h t  be  a r e s u l t  o f  50% f r a c t i o n a l
c r y s t a l l i s a t i o n  o f  h o r n b l e n d e  f ro m  t h e  b a s a l t i c  a n d é s i t e  
L L 1 4 3 ;  P e n r h y n  B o d e i l a s  a s  a r e s u l t  o f  50% f r a c t i o n a l  
c r y s t a 1 1 i s a t i o n  o f  m a g n e t i  t e  f ro m  L L 1 4 3 .
On t h e  S r - B a  d i a g r a m ( F i g u r e  3 6 ) ,  t h e  m i n e r a l  v e c t o r s  
s u g g e s t  none  o f  t h e  a b o v e .  The Rb—Sr d i a g r a m  a l s o  
s u g g e s t s  none  o f  t h e  a b o v e  ( F i g u r e  3 7 ) .  T h i s  i s  n o t  
s u r p r i s i n g  a s  Sr i s  a m o b i l e  e l e m e n t  and t h e  i n t r u s i o n s  
may h a v e  been  s u b j e c t  t o  a l t e r a t i o n ,  t h e r e f o r e  t h e  Sr  
c o n t e n t s  g i v e n  i n  t h e  a n a l y s e s  ( A p p e n d i x  3 )  may n o t  b e
t h e  same a s  t h e  c o n t e n t s  a t  t h e  t i m e  o f  t h e  i n t r u s i o n .
















F i g u r e  3 7 .  P l o t  o f  Rb a g a i n s t  S r .  The v e c t o r s  a r e  f o r  
50% f r a c t i o n a l  c r y s t a l 1 i s a t i  o n . S ym b o ls  as i n  F i g u r e  




ppml L L 1 4 3 #  








F i g u r e  3 8 .  P l o t  o f  Nb a g a i n s t  Y. The v e c t o r s a r e  f o r  50  
i g u r e  2 2 .
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a g a i n  s u g g e s t  t h a t  Gurn D d u ,B w lc h  M a w r ,G a r n  F a d r o n  and  
t h e  Moel Y Penmaen l a v a  c o u l d  be  t h e  r e s u l t  o f  50% 
f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  p l a g i o c l a s e  a n d / o r  
o r t h o p y r o x e n e  f ro m  t h e  b a s a l t  L L 1 4 2 .  Garn  Boduan c o u l d  
b e  t h e  r e s u l t  o f  50% f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  
c l i n o p y r o x e n e  f ro m  L L 1 4 3 .  G a r n f o r  c o u l d  be  t h e  r e s u l t  o f  
l e s s  t h a n  50% ( p r o b a b l y  30%) f r a c t i o n a l  c r y s t a l l i s a t i o n  
o f  h o r n b 1e n d e  f rom  L L 1 4 3 .
Conclusions
I n  F i g u r e  3 5 ,  Nb and Zr  h a v e  b e h a v e d  a s  i n c o m p a t i b l e  
e l e m e n t s .  T h i s  i n d i c a t e s  t h a t  t h o s e  i n t r u s i o n s  l y i n g  
w i t h  a  l i n e a r  t r e n d  may be  g e o c h e m i c a l l y  r e l a t e d .  T h i s  
a l m o s t  c e r t a i n l y  i m p l i e s  a g e n e t i c  r e l a t i o n s h i p ,  s i n c e  
t h e  v a l u e s  o f  t h e  i n c o m p a t i b l e  e l e m e n t  r a t i o s  f o r  e a c h  
i n t r u s i o n  w e r e  d e t e r m i n e d  by  t h e  c o m p o s i t i o n  o f  t h e  
i n i t i a l  l i q u i d  o r  s o l i d  f ro m  w h ic h  t h e y  a r e  d e r i v e d . 
T h i s  c o n f i r m s  t h e  p r e v i o u s  s t a t e m e n t  t h a t  t h e  g r o u p  o f  
i n t r u s i o n s C B w l c h  M a w r ,G u r n  Ddu and G arn  F a d r o n )  c o u l d  be  
g e n e t i c a l l y  r e l a t e d  t o  t h e  b a s a l t  L L 1 4 2 .
T h o s e  i n t r u s i o n s  w h ic h  do n o t  l i e  on t h e  t r e n d  may h a v e  
been  d e r i v e d  f ro m  t h e  b a s a l t  o r  b a s a l t i c  a n d e s i t e , L L 1 4 3  
by f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  p h a s e s  w i t h  l o w e r  Z r / N b  
r a t i o s  ( e . g . m a g n e t i t e )  o r  h i g h e r  Z r / N b  r a t i o s  
( e . g . z i r c o n ) .  H i g h  Z r / N b  r a t i o s  a r e  a f e a t u r e  o f  magmas 
g e n e r a t e d  a b o v e  a s u b d u c t i o n  z o n e  ( c a l c - a l k a l i n e  o r
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i s i a n d - a r c ; Wood e t  a l , 1 9 8 0 )  and t h e y  r e s u l t  l a r g e l y  f rom  
t h e  r e t e n t i o n  o f  Nb i n  t i t a n i u m  r i c h  r e s i d u a l  p h a s e s  
d u r i n g  h y d r o u s  p a r t i a l  m e l t i n g .  B o t h  t h e  b a s a l t  L L 1 4 2
and t h e  b a s a l t i c  a n d é s i t e  L L 1 4 3  h a v e  h i g h  Z r / N b  r a t i o s
0 1 2 . 0 )  . C r y s t a l l i s a t i o n  and r e m o v a l  o f  i l m e n i t e  f ro m  a 
magma may r e d u c e  t h e  Nb c o n t e n t  and i f  Zr i s  n o t  rem o ved  
a t  t h e  same t i m e  ( e . g .  i n  z i r c o n )  t h e  Z r / N b  r a t i o s  w i l l  
r i s e .  Mb can  a l s o  be  a p p r e c i a b l y  accommodated  by
o r t h o p y r o x e n e , h o r n b l e n d e  and m a g n e t i t e  ( P e a r c e  and  
N o r r y , 1 9 7 9 ) .
The  i n t r u s i o n s  o f  F o e l  Gron and N a n h o ro n  c o m p r i s e  a
p e r a l k a l i n e  g r o u p .  The g e n e r a l  c o n c e n s u s  f o r  t h e
e v o l u t i o n  o f  p e r a l k a l i  ne  r  oc ks  i n v o l v e s  t h e  e x t e n s i  v e  
f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  a n h y d r o u s  m i n e r a l s  f ro m  
t r a n s i t i o n a l  o r  a l k a l i n e  m a g m a s .  Most o v e r s a t u r a t e d  
p e r a l k a l i n e  r o c k s  a r e  fo u n d  i n  r e g i o n s  o f  t h e  c r u s t  
u n d e r g o i n g  t e n s i o n  o r  e x t e n s i o n ( S m i t h  e t  a l , 1 9 7 9 )  o r  i n  
s t a b l e  i n t r a - c o n t i n e n t a l  s e t t i n g s  (Bowden e t  a l , 1 9 7 9 ) .  
T h e y  may r e p r e s e n t  a r e s i d u a l  m e l t  f ro m  a
d i f f e r e n t i a t i n g  body  o f  t r a n s i t i o n a l  o r  m i l d l y  a l k a l i n e  
t h o l e i i t i c  magma ( C r o u d a c e , 1 9 8 1 ) .  L e a t  and T h o r p e  ( 1 9 8 6 )  
h a v e  a t t e m p t e d  t o  d e t e r m i n e  t h e  o r i g i n a l  g e o c h e m i c a l
c h a r a c t e r  o f  a l t e r e d  r h y o l i t e s ,  i n t e r m e d i a t e  l a v a s  and
b a s a l t s  o f  C a r a d o c i a n  a g e  f ro m  t h e  L l y n  p e n i n s u l a  u s i n g  
i m m o b i l e  e l e m e n t s .  T h e y  c o n c l u d e  t h a t  t h e  v o l c a n i c  r o c k s  
a r e  c h e m i c a l l y  s i m i l a r  t o  t h e  i n t r u s i o n s , w h i c h  s u g g e s t s  
a co-m ag mat i  c o r i g i n  and s i m i l a r  a ge  and c on f i r m s  t  h e  
a r g u m e n t s  p r e s e n t e d  h e r e .
93
T o summar i  se  s
1- An a t t e m p t  was made t o  model t h e  p e t r o g e n e s i s  o f  t h e  
g r a n i t e s  by m e l t i n g  o f  an a v e r a g e  s h a l e .  T h i s  showed  
t h a t  t h e  g r a n i t e s  w e r e  n o t  d e r i v e d  d i r e c t l y  by  p a r t i a l  
m e l t i n g .
2 .  The  i n t r u s i o n s  o f  Bwlch  M a w r ,G u r n  Ddu and G arn  F a d r o n  
and t h e  Moel y Penmaen l a v a s  c o u l d  r e s u l t  f ro m  50% 
f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  p l a g i o c l a s e  a n d / o r  
c l i n o / o r t h o  p y r o x e n e  f rom  t h e  b a s a l t  L L 1 4 2 .
3» The  i n t r u s i o n s  o f  Garn  Boduan and P e n r h y n  B o d e i l a s  
c o u l d  r e s u l t  f ro m  50% f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  
c l i n o / o r t h o p y r o x e n e  f ro m  t h e  b a s a l t i c  a n d é s i t e  L L 1 4 3 .
4 .  The G a r n f o r  i n t r u s i o n  c o u l d  r e s u l t  f rom  50% o r  l e s s  
f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  h o r n b l e n d e  f ro m  t h e  
b a s a l t i c  a n d é s i t e  L L 1 4 3 .
5 .  The  v o l c a n i c  r o c k s  p r o v i d e  s u i t a b l e  p a r e n t  magmas 
f ro m  w h ic h  g r a n i t e  may b e  d e r i v e d  by  f r a c t i o n a l  
c r y s t a l l i s a t i o n .  T h i s  i s  c o n s i s t e n t  w i t h  l a v a s  and  
i n t r u s i o n s  b o t h  b e i n g  O r d o v i c i a n  i n  a g e .
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C h a p t e r  7 
T e c t o n i c  s e t t i n g
T h e r e  h a s  been  much r e c e n t  d i s c u s s i o n  o f  t h e  t e c t o n i c  
s e t t i n g  o f  v o l c a n i c  r o c k s  and a s s o c i a t e d  i n t r u s i o n s  i n  
W a le s  ( B e v i n s  e t  a l , 1 9 8 4 ,  C a m p b e l l  e t  a l , 1 9 8 8 ,
K o k e l a a r ,  1 9 8 8 ,  Kok e l a a r  e t  a l , 1 9 8 9 ) . The w o rk  o f
K o k e l a a r  i s  c o n s i d e r e d  t o  be t h e  most r e l e v a n t  t o  t h i s
s t u d y .
Summary o f  t h e  s e t t i n g  o f  O r d o v i c i a n  v o l c a n i s m  i n  W a l e s .
O r d o v i c i a n  v o 1c a n is m  i n  Wa1e s  o c c u r r e d  on c o n t i n e n t a 1
c r u s t  a t  a d e s t r u c t i v e  p 1 a t e  m a r g i n . I t s  1 oc a t  i  on a n d
d e v e l o p m e n t  was c o n t r o l l e d  by a n e t w o r k  o f  c r u s t a l
d i s c o n t i n u i t i e s .  T h e s e  a r e  c h a r a c t e r i s e d  by  t h e i r
c o n s i d e r a b l e  e x t e n t ,  r e p e a t e d  t e c t o n i c  a c t i v i t y ,
c h a n n e l l i n g  o f  magmas and g e n e r a l l y  s t e e p  s t r u c t u r e s  a t  
s h a l l o w  l e v e l s .  They  a p p e a r  t o  h a v e  s e p a r a t e d  r e l a t i v e l y  
s t a b l e  b l o c k s .  The common o c c u r e n c e  o f  r e l a t i v e l y
u n i f o r m  b a s a l t i c  m a g m a s , i n d i c a t e s  e a s y  a c c e s s  t o  t h e  
s u r f a c e ,  w i t h o u t  o b v i o u s  deep  e n t r a p m e n t  o r  s u b s t a n t i a l  
c o n t a m i n a t i o n  w i t h i n  t h e  c o n t i n e n t a l  c r u s t ,  s u g g e s t i n g  
t h a t  t h e  f r a c t u r e s  w e r e  s t e e p  and p e n e t r a t e d  t o  t h e  b a s e  
o f  t h e  c r u s t .
F rom t h e s e f e a t u r e s , i t  i  s i n f e r r e d t h a  t  t  h e c r  u s t a 1 
d i s c o n t i n u i  t  i e s  w e re  o r i g i n a l 1 y m a jo r  s t r i k e - s l i p  f a u l t s  
o r  s h e a r  z o n e s ,  w h ic h  c a n n o t  h a v e  been  fo rm e d  by  s i m p l e
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e X t e n s i o n  » K o k e 1 a a r  p r  op osed t  h a t  t  h e f  r a c t u r e  p a 11 e  r  n 
r e f l e c t s  a s t r  i  ke - -s l  i  p f a u l t  o r  s h e a r  z o n e  
c o m p l e x , f o r m e d  by e a r l y  Can h r  i e.i < t i m e s .  Deep i n  t h e  
c r u s t  t h e  f r a c t u r e s  w e r e  s t e e p , d u c t i l e  z o n e s  and t h e s e  
p a sse d  i  n t  o d i  s e r e  t  e f  a u I t s ,  o r  n a r  r  o w f a u 11 C' r  s h e  a r  
z o n e s ,  i n  t h e  u p p e r  c r u s t .  G r a b e n s ,  h a l f - g r a b e n s ,  f o l d s ,  
mon o c 1 i  n a 1 f i e  x u r  es  and a l i g n men t  s o f  v o 1c a n i c  c e n t r es  
r e f l e c t  upw ard  p r o p a g a t i o n  t h r o u g h  t h e  c o v e r  o f  s t e e p  
s p l a y  f a u l t s  o r  f l o w e r  s t r u c t u r e s .  D u r i n g  e x t e n s i o n , t h e  
c r u s t  was a t t e n u a t e d  and p i e r c e d  by  m a g m a s , m a i n l y  a l o n g  
t  he  f r a c t u r e s , w h i 1e comp1 e x , v o 1c a n i c a l l y  a c t  i v e  
g r a b e n s ,  fo rm e d  i n  t h e  o v e r l y i n g  c o v e r .  D u r i n g  
c o m p r e s s io n  and t r a n s p r e s s i o n  t h e s e  same s i t e s  w e r e  
m arked  by  r e l  a t i v e l y i  n t  e n s e  s h o r t e n i  ng and s h e a r  
s t r a i n .
K o k e 1 a a r  ( 1 9 7 7 , 1 9 7 9  1 9 8 6 )  p r o p osed  t h a t  t h e  Tremadoc a r c  
Vo 1 c a n i  sm mar  ed t h e  o n s e t  o f  t h e  p h a s e  o f  subduc t  i  on o f  
o c e a n i  c 1 i  t h o s p ) h e r e ,  t h a t  1 ed t o  t h e  c 1 o s u r e  o f  t h e  
l a p e t u s  O ce an .  L a t e  Tremadoc t e c t o n i c  d e v e l o p m e n t  ( s e e  
F"i gu r e  6 c ) ,  p r e - A r e n i  g up 1 i  f t  i  n N- W, was tF ia t  o f  a 
f o r e - a r c  f r o n t a l  r i d g e  s y s t e m  r e s p o n d i n g  t o  t Fie  t h r u s t  
o f  o c e a n i c  1 i t F i o s p h e r e  b e n e a tFi tFie NE—SW c o n t i n e n t a  1 
p 1 a t e m a rg i n . A r e n i g t  o C a r adoc d e v e 1 opmen t  s r e f 1 e c t  
e v o l u t i o n  o f  a m a r g i n a l  b a s i n  w h e re  t e c t o n i s m  was 
d o m i n a t e d  by  E-W e x t e n s i o n .
\<ok e l a a r  ( 1 9 8 8 )  p u t  f o r w a r d a more  d e t a i  1 e d t e c t o n i  c 
model f o r  NortFi  W a le s :  b a s e d  on tFie e v i d e n c e  t F i a t ^
d e s t r u c t i v e  p l a t e  m a r g in  v o l c a n i s m  p e r s i s t e d  i n  W a le s
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from  Tremadoc t o  C a rad o c  t i m e s .  I n  N o r t h  W a le s  t h e  l a t e  
Tremadoc u p l i f t  and e r o s i o n  i s  a t t r i b u t a b l e  t o  t h e  o n s e t  
o f  subdue t  i  on and d e v e l o p m e n t  of  a f r o n t a l  r i d g e
s y s t  ern „ F u r  t  h e r  s o u t  h , n e a r  t  he  Har 1 ec h Dome
a r e a , 1 o c a 1 i s e d  u p 1 i f t  was a s s o c i a t e d  w i t h  a v o 1 c a n i  c 
f r o n t  and t h e  d e v e l o p m e n t  o f  a r c  v o l c a n o e s .  I n  N o r t h  
W a le s , t h e  a r c  v o l c a n i s m  o c c u r r e d  i n  a r e g i m e  o f  E-W
c r u s t a l  e x t e n s i  on and was c e n t r e d  on a deep c r u s t a 1 
d i s c o n t i n u i t y .  M a r i n e  c o n d i t i o n s  p r e v a i l e d  f ro m  A r e n i g  
t o  C a ra d o c  t i m e , w i t h  e p i  s o d e s  o f  m arg i n a 1 b a s i n
v o l c a n i s m . T h e  v o l c a n i s m  o c c u r r e d  m a i n l y  a l o n g  c o m p le x  
and r e 1 a t i v e l y  n a r  r  ow g r a b e n s  w h ic h  w e r e  s i t e s  o f
r e p e a t e d  c h a n n e l l i n g  o f  magmas and p r o n o u n c e d  
s u b s i d e n c e . CFianging s i  t e s  o f  vo 1 c a n i  sm w e r e  due  t o  
t r a n s f e r  o f  a c t i v e  e x t e n s i o n  f ro m  one  f r a c t u r e  t o  
a n o t h e r .  The f r a c t u r e  p a t t e r n  i n d i c a t e s  t h a t  t h e y  may 
r e p r e s e n t  p a r  t  o f  a comp 1 i c a t e d  d e e p - c r u s t  a l  s t r i k e - s l i p  
s y s t e m . T h e  v o l c a n i c a l 1 y a c t i v e  g r a b e n s  t r e n d e d  r o u g h 1 y  
N -S  i n  N . W a l e s ,  and E-W e x t e n s i o n  d o m i n a t e d  t h r o u g h o u t  
t h e  O r d o v i c i a n  v o 1 c a n i s m . O r d o v i c i  an p i  a t e  t e c t o n i c s  
c o n f i g  u r  a t  i o n s a r  e u n c e r t a i n  b u t  t h e  e x t e n s i o n  can  be
e X p 1 a i n e d  by a N- S c o n v e r g e n c e  v e c t o r  b e tw e e n  o c e a n i c
and o V e r - r i d i n g  m i c r o c o n t i n e n t a l  p 1 a t e s .
K o k e l a a r ( 1 9 8 8 )  c o n s i d e r e d  t h a t  t h e  g r a n i t i c  i n t r u s i o n s  
and a s s o c i a t e d  l a v a s  i n  t h e  L l y n  a r e  c o e v a l  and show  
g e o c h e m i c a l  c h a r a c t e r i s t i c s  t y p i c a l  o f  e m p la c e m e n t  a t  an  
e n s i a l i c  d e s t r u c t i v e  p l a t e  m a r g i n  d o m i n a t e d  by
e X t  e n s i o n .  T Fi e e x t  r  u s i  v e r  o c k s a r  e i  n t  e r  b e d d e d w i t h
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m u d s to n e s  and s a n d s t o n e s  i n d i c a t i n g  a m a i n l y  s h a l l o w  
r n a r in e  e n v i r o n m e n t  w i t h  1 o c a  1 e m e r g e n c e .
L e a t  e t  T h o r p e ( 1 9 8 6 )  c o n s i d e r e d  t h a t  t h e  U pper  
O rd o V i  c i a n  ( C a ra d o c  ) vo 1 c a n i  c rock:s i n  L. 1 yii and  
S n o w d o n ia  w e r e  e r u p t e d  w i t h i n  a c o m p lex  s e t t i n g  
t r a n s i t i o n  a 1 b e t  ween a d e s t r u c t i v e  p 1 a t e  m a rg i n  and a 
w i t h i n —p l a t e  e n v i r o n m e n t .  The l a v a s  w e r e  a l k a l i n e / w i t h i n  
p l a t e  i n  c h a r a c t e r  and may h a v e  e r u p t e d  u n d e r  t e n s i o n a l  
c e n d i t i o n s  d u r  i  ng C a l e d o n i a n  s u b d u e t i o n .
C r o u d a c e  ( 1 9 8 2 )  p r o p o s e d  t h a t  t h e  N . W a l e s  a r e a  may h a v e  
been an i n c i p i e n t  b a c k - a r c  b a s i n  o r  a v o l c a n o - t e c t o n i c
r i f t  z o n e  i n  a r e g i o n  o f  e n s i a 1 i c  c r u s t a 1 t e n s i o n .
T r a c e  e l e m e n t  d i s c r i m i n a t i o n  d i a g r a m s .
T r a c e  e l e m e n t  d i s c r i m i n a t i o n  d i a g r a m s  can be  used  t o  
d e t e r m i n e  t h e  t e c t o n i c  s e t t i n g  o f  e r u p t i o n  o f  b a s i c
V o 1 c a n i c  r o c k s ( P e a r c e  and C a n n y 1 9 7 3 ) « Th e c h e m i c a 1 
a n a l y s e s  a r e  i n t e r p r e t e d  w i t h  c a u t i o n  b e c a u s e  tF iey may 
ha Ve  been m o d i f i e d  b y 1 ow- gr a d e  r e g i o n a 1 m e t e m o r p h is m . 
T h e r e f o r e  g e o c h e m i c a l  i n t e r p r e t a t i o n  ha s  been r e s t r i c t e d  
m a i n l y  t o  t h o s e  e l e m e n t s  ( T i , Z r , Y  and Mb) w h ic h  a r e  
r e g a r d e d  as  most i m m o b i 1 e d u r i n g m e t a m o r p h is m .
A. L a v a s
F ur  ma j o r  g r o u p s  o f  t e c t o n i  c r  e g i  mes  r e  1 a t e d  t o  p 1 a t e
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w i t h i n —p l a t *  lava#
100 1000
Zr ppm
F i g u r e  3 9 .  P l o t  o f  Zr a g a i n s t  T i O #  s h o w in g  f i e l d s  o f  a r c  
and w i t h i n - p l a t e  l a v a s  ( P e a r c e , 1 9 8 0 ) .  L i n e  A -B  s e p a r a t e s  
b a s a l t s  f rom  a c i d  and i n t e r m e d i a t e  r o c k s .
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m o t i o n s, a r e c u r r e n 11 y r e c o g n i s e d :
a ) 0 c e a n f  1 o o r  b ai s a i t  s ( d i v e r  g i  ng p 1 a t  e m ai r  g i  n s ) ;
b ) V o l c a n i c  a r c  b a s a l t s  ( c o n v e r g i n g  p l a t e  m a r g i n s ) ;
c ) O c e a n ic  i s l a n d  b a s a l t s  ( w i t h i n  p l a t e  -  o c e a n i c  
c r u s t ) ;
d ) C o n t i n e n t a l  b a s a l t s  ( w i t h i n  p l a t e  -  c o n t i n e n t a l  
c r u s t ) .
F i gu r e  39  i s  d i v i d e d  i  n t o  tw o  f  i  e I d s ,  a r c  1 a v a s  i . e .  
v o l c a n i c  a r c  b a s a l t s  found  a t  c o n v e r g i n g  p l a t e  m a r g i n s
a nd wi t h i  n p 1 a t e  1 a v a s , i « e . wi t h i n p 1 a t e  o c e a n i c  o r
c o n t i n e n t a l  c r u s t .  The l i n e  A-B  s e p a r a t e s  b a s a l t s  f ro m
A
a c i d  and i n t e r m e d i a t e  l a v a s .  The L I y n  l a v a s  p l o t  i n  t h e  
w i t h i n  p l a t e  f i e l d .  L L 1 4 2  and L L 1 5 6  p l o t  a b o v e  t h e  l i n e  
A-B  and a r e  t h e r e f o r e  c o n s i d e r e d  t o  be  b a s a l t s .  L L 1 4 3  
p 1 o t  s on t  he 1 i  ne wh i 1 e I..L. 1 4 5 ,  LI... 1 4 6 ,  L L 153 and L L 154 p 1 o t  
u n d e r  t h e  l i n e  A-B  and a r e  c o n s i d e r e d  t o  be a c i d  o r  
i  n t  e r  m e d i  a t  e 1 a v a s .
L e a t  and T h o r p e  ( 1 9 8 6 )  used t h e  a n a l y s e s  L L 1 4 2 - 3  and  
L L 1 5 3 - 1 5 6  f rom  t h i s  s t u d y  t o  c o m p a re  them w i t h  o t h e r  
1 aVas  and r h y o l i t e s  f rom  L 1 y n . L L 142 and L L 14 d  a r e  
c o n s i d e r e d  t  o b e  i m i  1 a r  1:3 u t  c h e m i c a l l y  d i  s t  i  n c t  f  r  o m 
L.L1 5 6 ,  b 1.11  a l l  t h r e e  a r e  c o n s i d e r e d  t o  be  b a s a  1 1 s . L.eat  
and T h o r p e  ( 1 9 8 6 )  c o n s i d e r e d  L L 1 5 3 - 1 5 5  t o  be  m u g e a r i t e s  





VAG s y n- C O LG
ORG
100
V p p m
F i g u r e  4 0 .  P l o t  o f  Y a g a i n s t  Nb s h o w in g  f i e l d s  o f  a r c ,  
Ocean r i d g e  and w i t h i n - p l a t e  g r a n i t e s .  ( P e a r c e  e t  
a l  , 1 9 8 ^ .  Symbols  as in  F i g u r e  2 2 . D a t a  f rom  t h i s  s t u d v  
cm 1 y  / I  Syp 1 o t  t  ec:I.
101
B. In tru s io n s
G r a n i t e s  can be s u b d i v i d e d  a c c o r d i n g  t o  t h e i r  i n t r u s i v e  
s e t t i n g s  i n t o  4 m ain  g r o u p s .  T h e s e  a r e :  o cea n  r i d g e  
g r a n i t e s  (ORG),  v o l c a n i c  a r c  g r a n i t e s  ( V A G ) , w i t h i n  p l a t e  
g r a n i t e s  ( WPG) and c o 11 i s i o n  gr a n i t e s  ( COLG) . P e a r c e e t  
a l  ( 1 9 8 4 ) used t r a c e  e l e m e n t  d i s c r i m i n a t i o n  d i a g ra m s  t o  
d e f i n e  t h e  t e c t o n i c  s e t t i n g s  o f  d i f f e r e n t  t y p e s  o f  
g r a n i t e s .  The  L I y n  i n t r u s i o n s  w e r e  p l o t t e d  on Mb/Y  and  
Rb/Y-i-Mb d i a g r a m s  ( F i g u r e s  40  and 4 1 ) .  A l l  t h e  i n t r u s i o n s  
p 1 o t t e d  i n  t h e  w i t h i n - p 1 a t e  a r e a  and a r e  c o m p a r a b l e  w i t h  
t h e  d a t a  f o r  t h e  l a v a s .  The c h e m i c a l  s i m i l a r i t y  o f  t h e  
l a v a s  and t h e  g r a n i t i c  i n t r u s i o n s  s u g g e s t s  t h a t  t h e y  a r e  
t h e  same a g e  ( C a r a d o c )  n o t  C a l e d o n i a n  a s  s u g g e s t e d  by  
T r e m 1e 1 1 ( 1 9 7 2 ) .  F i g u r e  40  ( Nb/ Y ) s u p p o r t s  t h i s ;  i f  t h e
i n t  r  u s i  o n s w e r  e o f  C a 1 e d o n i an a g e  t  h e y w o u 1 d b e m o r  e  
l i k e l y  t o  p l o t  i n  t h e  SYN-COLG a r e a ,  t h e  t e c t o n i c  
s e t t i n g  most l i k e l y  d u r i n g  t h e  C a l e d o n i a n  o r o g e n y  (Nb 
and Y c o n t e n t s  w o u ld  be l o w ) .
Cone 1 u s i o n s
L l.„ 14 2 a n d L L 14 3 a r e  s i  m i  1 a r  g e o c h e m i c a l l y  t  o











F i g u r e  4 1 .  P l o t  o f  Y + Nb a g a i n s t  Rb s h o w in g  f i e l d s  o f  
s y n - c o l l i s i o n ,  w i t h i n - p l a t e ,  a r c  and o cean  r i d g e  
g r a n i t e s ' ( P e a r c e  e t  a l , 1 9 8 4 J ^ - Symbol s as  i n  F i g u r e  2 2 .  
D a t a  f r  cm t h i s  s t u d y  n 1 y 1 o 1 1 e d .
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LL 143  i  s e n r i c h e d  i n  Ba and Th r e l a t i v e  t o  o t h e r  
e 1e m e n t s  w h ic h  m i g h t  i n d i c a t e  g e n e r a t i o n  a b o v e  a  
s u b d u c t i o n  z o n e ;  b u t  t h e  h i g h  Nb r e l a t i v e  t o  Ce and P 
s u g g e s t s  a w i t h i n - p l a t e  r a t h e r  t h a n  a s u b d u c t i o n - r e l  a t e d  
o r  i  g i n « L_ L.. 15 6 li a s c o n c e n t  r  ai t  i  o n s o f  N b , C e , P , Z r , T i  a n d Y 
s i m i l a r  t o  t h o s e  o f  MORB b u t  i s  e n r i c h e d  i n  S r , K , R b  and  
B a ; t  h i s i  s c h a r  a c t  e r  i s t  i  c o f  a n i 1 a\ n d a r  c t  h o 1 e i  i  t  i  c 
b a s a l t ,  s uch a s a r e  found  i n  ma r g i n a 1 b a s i n  e nv  i  r  on me n t s  
( P e a r c e , 1 9 8 0 )
Thie Vo 1 c a n i  c ro c  k s a r  e c h emi  c a 11 y s i m i l a r  t o  t  hie 
g r a n i t i c  i n t r u s i o n s  w h ic h  s u g g e s t s  a co m ag m a t ic  o r i g i n  
and s i m i l a r  a g e .  The  most l i k e l y  s e t t i n g  f o r  t h e  l a v a s  
and i n t r u s i o n s  i s  a c o m p le x  m a r g i n a l  b a s i n  e n v i r o n m e n t  
d omi n a t e d  b y E-W e x t e n s i o n .
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Sum m ary  o f  c one 1 u s i o n s
A
1 . Th e g r a n i t  i  c i  n t r u s  i  on s o f  L 1 y n r a n g e  i n  c o m p o s i t i o n  
f rom  mi c r o t o n a l  i  t e  t o  s u b -  and p e r a I k a l i n e  m i r o g r a n i  t e  
( 5 8  -  76% S iO æ ) .  The  maxin m i n e r a l s  i n  t h e  i n t r u s i o n s  a r e  
a l k a l i  f e l d s p a r , p T a g i o c l a s e  and q u a r t z .  M in o r  m i n e r a l s  
i n c l u d e  a m p h i b o l e , o r t h o -  and c 1 i n o p y r o x e n e  and b i o t i t e .  
A c c e s s o r y  m i n e r a l s  a r e  F e - T i  o x i d e ,  a p a t i t e ,  z i r c o n , 
a l i a  n i t  e , e p i  (d o t  e a n d s p h e n e .  The i  n t  r  u s i  o n s  a r  e  
p o r  p h y r  i  t  i  c: w i  t  h p h e n o c r  y s t  s o f  a 1 k a 1 i  f  e 1 d s p ax r  , 
p 1 a g i o c 1 a se  and amph i  b o 1 e . Gr  an op h y r i c  t  e x t u r e  i s  s e e n  
i n  t h r e e  i n t r u s i o n s ; N a n h o r o n , L 1 a n b e d r o g and Gu r n  D d u . 
A l l  t h e  i n t r u s i o n s  h a v e  been  s u b j e c t  t o  m e t a m o r p h ic  
c o n d i  t  i  o n s » Mic  r  opr  obe  a n a l y s e s  o f  p y r  o x e n e  and  
p 1 a g i o c l a s s  f rom  t h e  1 a v a  L L 14 2  showed t h a t  t h e  1 a v a  
L L 1 4 2  i s  s i m i l a r  i n  c o m p o s i t i o n  t o  t h e  p h e n o c r y s t s  o f  
t h e  G a r n f o r  t o n a l i t é  so t h e y  may be c o n t e m p o r a n e o u s .  
T h i s  i m p l i e s  t h a t  t h e  t o n a l i t é  max y h a v e  been  d e r i v e d  
f rom  a l a v a  such  as  L I  142  w h ic h  i s  t h o l e i i t i c  or  
c a 1 c - a l  k a 1 i  n e i n  c h a r a c t e r .  T h e d a t  a ( i ^  a 1 s o c o n s i  s t  e n t  
w i t h  t h e  more a c i d  i n t r u s i o n s  and 1 a v a s  b e i n g d e r i v e d  
f  r  o m s u c li a ba s i c / i  n t  e r  m e d i  a t  e p a r e n t  fïi a g m a .
2 .  The i n t r u s i o n s  can be d i v i d e d  i n t o  f i v e  c h e m i c a l  
g r o u p s  u s i n g  t h e  h i g h  f i e l d  s t r e n g t h  e l e m e n t s  Zr axnd Nb..
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T h  e f  i  V  e g  r  o  u  p  s a r  e :
a ) .  L l a n b e d r o g  and t h e  Yr E i f l  f e l s i t e ,  t h e
L 1 a n b e d r o g i  n t  r  u s i  o n 1 o 1 1 i  n g n e a r  t  h e g r  a n i  t  e
m in i  m u m o n t  h e Q s 0 r  : A b d i ax g r  a m ax t  P m a: a  5  k b a r .
b )  Manhoron  and F o e l  G r o n , t h e  N a nhoron  i n t r u s i o n  
b e i n g  a p e r a l k a l i n e  g r a n i t e  axnd p l o t t i n g  n e a r  t h e
g r a n i t e  minimum on t h e  QsOrsAb d i a g r a m  a t  I k b a r .
c ) .  G a r n f o r .
d ) .  Ga r n  B o d u a n , P e n r h y n  B o d e i 1 a s , My n y dd N e f y n  and
t h e  Yr E i  f 1 m i c r o g r a n i t e .
e ) . Garn  F a d r o n ,  Gurn Ddu, Bwlch  M a w r , Gurn Goch,  
L l a n g y b i ,  Moel P e n l 1echog and P e n r h y n  G l a s  ( C a r r e g  
y L i a m ) .
3 .  The N a n h o ro n  and L i a n b e d r  o g i  n t r i . i s i  ons cou 1 d haxve 
o r i g i n a t e d  by p r o c e s s e s  o f  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  
s i 1 i c a t e  1 i q u i d s .  T h i s  i s  c on s i  s t  e n t  w i  t  h c a 1c u 1 a t  i  on s 
made u s i n g  F i g u r e  26  s h o w in g  t h a t  t h e  N a n h o ro n  i n t r u s i o n  
m a y h a v e o r  i  g i  n ax t e d  f  r  o m ax b ax s i  c m a g m a .  I t  i  s  a 1 la o 
c o n c l u d e d  t h a t  t h e  b a s a l t  and a n d é s i t e s  h a v e  t h o l e i i t i c  
t e n d e n c i e s  as  shown by t h e i r  n o r m a t i v e  c o m p o s i t i o n  and  
F i  g u r  e s 19 a n d 2 7 .
4 .  P e t r  o g e n e t i c  m o d e l 1 i n g  u s i  ng t h e  h i g h  f i e l d  s t r e n g t h  
e l e m e n t s  Nb and Zr s u g g e s t e d  t h a t  t h e  i n t r u s i o n s  o f  
B w lch  M a XV r ,  Gurn  Ddu axnd Garn  F a d r o n  axnd t h e  Moel y  
Pen ma en L a v a  c o u l d  h a v e  r e s u l t e d  from 507. f r a c t i o n a l  
c r y s t a l  1 i s a t i o n  o f  p 1 a g i o c l a s e  and c 1 i  n o / o r t h o p y r o x e n e  
f  r  o m t  h e b a s a 11 L L 14 2 .
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T he i n t  r  u s i  o n s o f  G a  r  n B o d i.i a n a n d F-' e n r  Fi y n B o d e i  1 a s c o u 1 d 
Fi a V  e r  e s u  11 e d f r  o m 5 0 % f  r  à c t  i C' n a l  c r y s t a l l i s a t i o n  o f  
c 1 i  n o /  o r  t  Fi o p y r  o x e n e f  r  o m t  Fi e b a s a 11 i  c a n d e s i  t  e L L .1.4 3 .  
Th e G ar n f  o r  i  n t  r  us i  on c ou 1 d Fi a v e  r  esu  11 ed f  r  om 50% o r  
l e s s  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  h o r n b le n d e ^ *  f ro m  tFie 
b a s a 1 1 i c a n d e s i  t  e F_ l_ 14 3 .
T h e 1 a v a s p r  o v i d e  s u i t a b l e  p a r e n t  m a g m a s f  r  o m w h i  c Fi 
g r a n i  t e  may be d e r  i ved  by f r a c t  i  o n a l  c r y s t a l  1 i s a t  i  on .. 
TFiiss i s  c o n s i s t e n t  w i t h  tFie l a v a s  and tFie i n t r u s i o n s  
b o t  Fi b e i n g  Or d ov  i c i  an i n  a g e .
5  » TFie v o l  c: an i  c: r  oc k:s a r  e c hemi c a l l  y s i  mi 1 a r  t  o t h e
g r  a n i  t  i  c i n t r  u s i o n s  w Fi i c Fi s u g g e s-1 a c; o m a g m a t  i  c o r i g i n  
and s i m i l a r  a g e .  The most l i k e l y  s e t t i n g  f o r  t h e  l a v a s  
and i n t r u s i o n s  i s  a c o m p le x  m a r g i n a l  b a s i n  e n v i r o n m e n t
d o m i n a t e d  by E -W e x t e n s i o n .
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A c k n o w le d g e m e n t s .
I  am g r a t e f u l  t o  my s u p e r v i s o r .  D r . R . S . T h o r p e  f o r  h i s
a d v i c e  and e n c o u r a g e m e n t  t h r o u g h o u t  my r e s e a r c h .  I  am
a l s o  v e r y  g r a t e f u l  t o  D r . W . J . W a d s w o r t h  o f  t h e  U n i v e r s i t y  
o f  M a n c h e s t e r  f o r  a l l  h i s  a d v i c e  and e n c o u r a g e m e n t  
d u r i n g  t h e  l a s t  y e a r .  The  Open U n i v e r s i t y  and t h e  
U n i v e r s i t y  o f  N o t t i n g h a m  p r o v i d e d  t h e i r  e x c e l l e n t  
f a c i l i t i e s  and e x p e r t i s e  when r e q u i r e d .  I  am g r a t e f u l  t o  
M r . J . W a t s o n ,  M r . I . C h a p l i n ,  and M r . L . G r i f f i t h s  f o r  h e l p
w i t h  s a m p l e  p r e p a r a t i o n  and XRF f a c i l i t i e s ,  t o
D r s . P . H a r v e y  and B . A t k i n  o f  t h e  D e p a r t m e n t  o f  G e o l o g y ,  
N o t t i n g h a m  U n i v e r s i t y  f o r  XRF f a c i l i t i e s  and t o  J . T a y l o r  
f o r  h e l p  w i t h  t h e  d i a g r a m s .
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/ a p p e n d i x
E.D.X.R.F. Laboratory 
Department of Earth Sciences, Open University, 
Preparation of Silicate Samples 
for M ajor Element Analysis
1. Sample Drying
Rock powder ( 2-3 g per sample ) is dried overnight in an oven at 1 lO’ C using clean 
nickel or porcelain crucibles. Allow the samples to cool in a dessicator prior to weighing 
* them out.
2. Loss on Ignition
Dried powder ( 1-2 g ) is ignited for 20 min. at lOOO’C in a muffle furnace using a fused 
silica crucible. Accurate weighing of the powder before and after ignition is essential to 
calculate percentage weight loss. Ignite samples in batches of eight.
Precmuions:
. a) Pre'ignite silica crucibles at lOOO’C for 15 minutes.
b) Allow silica crucibles to cool for 10 minutes before commencing weighing but do not
leave them longer than 20 minutes in case they absorb atmospheric moisture.
c) Zero balance before commencing weighing.
3. Fusion
> Dried rock powder ( 0.4 g ) is mixed with (rock powder weight ,x 6 x Flux 
Factor) g.of Spectroflux lOOB in a platinum / 5%  gold crucible and fused in the muffle 
furnace at 1100*C for 12 to 15 min. The homogenous melt is poured onto a heated mould 
and pressed to fonn a glass disc. Excess glass is removed from the edge of the disc, using 
platinum-tipped tongs and the disc is slid onto a heated brass platten. The platten is lifted 
onto a.heat-resistant mat, covered with a glass evaporating basin, and allowed to cool. 
Fragments of excess glass are put into the platinum crucible which is then placed next to 
the cooling glass disc. When cool, each disc is labelled on its upper surface (the side with 
the smallest diameter) and placed in a labelled 2"x 2" plastic bag.
Preccaaions:
a) The flux correction factor* should be determined before each batch of samples is 
weighed out.
b) When in use, keep the jar of flux in a dessicator to avoid absorption of atmospheric 
moisture. When refilling jar from stock . dry jar for one hour at 1 lO'C; never top-up a 
jar without emptying residues of previous batch of flux first.
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c) A flux ; rock weight ratio of exactly 6 : l is  required. The best mctliod to attain this is 
to weigh out the rock powder accurately to between 0.4000 and 0.4050 g in a 
platinum crucible, and then add ( 6 x Rock Weight x Flux loss correction factor * ) g. 
of flux weighed exactly to within plus or minus 0.0004 g.
d) M ix rock powder and flux thoroughly with a sharpened polythene rod before fusion.
e) Fuse samples in batches of no more than two at a time and allow at least five minutes 
between each batch.
f) Swirl melt every 3-5 minutes to produce a uniformly fluid melt, eliminating 
undissolved powder and bubbles so as to achieve complete homogeneity before 
pouring.
g) Limit fusions to a.maximum of 20 minutes if  possible ( 12-15 minutes is ideal ) to 
avoid significant volatilization of flux and alkali metals.
h) Keep the press plunger in contact with platten as much as possible. I f  it cools prior to 
pressing,the disc is likely to shatter.
i) Cool glass discs slowly on pre-heated plattens to avoid shattering.
4. General Notes
a) Record all weighings precisely using weighing sheets provided.
b) Clean crucibles after use:
Silica crucibles - wash in deionized water and dry at 110 C in oven. 
Platinum  crucibles - stand in cold 50/50 hydrochloric acid overnight, or waim  
50/50 acid for 1-2 hours. Rinse several times in deionized water and dry in oven at 
llO 'C .
Nickel and porcelain crucibles should be cleaned using a dry piece of blue roll.
c) Safety visors and leather gloves are available. Use them when accessing tlie furnace 
and pressing glass discs.
* Flux loss correction factor
To account for loss on ignition of the flux, accurately weigh about 2.5 g. of flux into a 
tared platinum crucible. Reweigh flux -r  crucible and record the weight. Ignite Hux in 
muffle furnace for 15 minutes at llOO'C. After cooling for 10 minutes, weigh Üie crucible 
+ ignited flux accurately and record the weight Calculate the weight loss of the flux and 
hence the weight of the ignited flux.
The Flux.Correciion Factor is J :W t o f flux-before fliston-e- Wt. o f  flux dfter fusion
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Preparation of Pressed Powder Pellets
Weigh out 7 - 8 g, of rock powder in a plastic weighing boat using the MettJer top-loader 
balance. Transfer the powder to an agate mortar, add 6 - 12 drops of P.V.P. bindiug 
agent, tJien thoroughly mix using an agate pestle. The amount of binder required varies 
with rock type and a certain amount of experimentation may be necessary before good 
pellets are obtained. Assemble the two parts of the pellet mould and place a hardened steel 
pellet, smooth face uppermost in the bore of die mould. Return the mixture to the weighing 
boat and pour into the pellet mould. Shake the mould gently to level the powder, tlicn 
place the second steel pellet, smooth face down, on top of the powder, followed by die 
steel piston.
Place the whole assembly in the hydraulic press and apply a pressure of 10 tons per 
sq.inch. Release the pressure, take the base off the mould, turn.the mould upside down 
and place the perspex tube on its upper surface in line with the bore of the mould. Place 
the assembly,.pcrspex tube uppermost, in the press and apply pressure until die powder 
pellet, sandwiched between the two steel pellets, emerges from the mould. Hold the mould 
carefully diroughout this process to avoid it dropping suddenly when die pellet is freed. 
Place the pellet on a blue paper-covered cardboard tray and write die sample name 
alongside it ; do not write on the peUet at diis stage. Release die hydraulic pressure, and 
clean the mould, mortar and pestle widi tissue and methylated spirit. Repeat die above 
procedure with the next sample. Dry the pellets on paper-covered cardboard mats, in the 
oven, overnight at 110"C. Label the pellets on dieir edges, when dry, using a felt-lip pen, 
and place in labelled 2"x 2" plastic bags.
Preparation of PVP/Metliyl Cellulose binder
Chemicals : Polyvinylpyrrolidine ; BDH product no. 29579 4P
Methyl cellulose (high substitution) ; BDH. product no.29779 4N
Method :
Solution A
Dissolve 70 g. Polyvinylpyrrolidine ( PVP ) in 300 ml. methylated spirit. Add the PVP 
slowly in small amounts to the spirit and stir vigorously,
Solution 0
Heat 400 ml. of deionized water in a I litre beaker. When nearly boiling remove from 
source of heat and slowly add 40 g.of methyl cellulose. Stir vigorously with a polythene 
stirring rod until the methyl cellulose is uniformly dispersed, then slowly add solution A 
and continue to stir vigorously until a viscose, slightly yellow liquid is produced.Bottle 
immediately. Clean beakers etc. with water.
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Comparison of X-ray fluorescence analyses of standard samples with 
usable values of Abbey (1980)
Abbey
AGV-1 GSP-1 G-1 STM-1
SiOj 59,61 67.32 69.22 59.5
AI2O3 17.19 15.28 15.40 18.5
TiOj 1.06 0 . 6 6 0.48 0.13
Fe^Oj 6.59 4.02 - 2.51 5.0
HJO 1.52 0.97 0.75 0 ,1
cao 4.94 2.03 1.96 1.1
NajO 4.32 2.81 4.06 9.0
KjO 2.92 5.51 4.46 4.3
MnO 0 . 1 0 0.04 0.03 0 . 2 2
^2°5 0.51 0.28 0.13 0.16
Ba 1200 1300 1900 550
Ce 71 360 160 nd
Nb 16 23 13 nd
Rb 67 250 170 nd
Sr 660 240 480 710
Th 64 105 25 nd
U 1.95 2.1 2.1 nd
Y 19 29 11 50
Zr 230 500 300 1200
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Nottingham
AGV-1 GSP-1 G-2 STM-1
SiOg 59,88 67.15 69.66 59.50
17.03 14.79 15.58 18.78
TiOg 1.08 0,63 0.47 0.14
F*2°3
7.44 4.28 ' 2.54 5.96
MgO 1.20 1.21' 1.12 0.10
CaO 4.75 1.85 1.88 1.Ô7
Na^O 3.97 2.59 * 4.25. 8.92
K 2O 2.95 5.60 4.59 ■ 4.29
MnO 0.11 0.04 0.03 0.27
^2°5 0.50 0.25 0.15 • 0.15
Ba 1233 1245 1835. 623
Ce 48 323 150 260
Nb 14 27 13 270
Pb 34 52 28 20
Rb 70 252 165 117
Sr 663 232 477 726
Th 3 103 27 31
U 0 2 2 7
Y '21 . 31 13 50
Zr 235 530 308 1300
The lower limits of detection
Ba 8 .3 U 1.4
Ce 7 y 1.2




Th 0 . 6
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Appendix 3






Major Minerals Minor Minerals Accessory
Minerals
Barnfor (All porphyritic in texture)
LLl (Group a) 360460 PKE), Af(S), Q Amph, Opx(Chl), Cpx Fe-Ti, Ap
LL2 ' • 360460 PKE), Af(S), Q Amph, Opx, Cpx Fe-Ti, Ap
LL3 • • 360459 PKE), Af(S), Q Amph, Opx, Cpx(Chl) Fe-Ti, Ap
LL4 • ' 360459 PKE), Af(S), 0 Amph, Cpx(E) Fe-Ti
LL5 (Group b) 361459 PKE), Af(S), Q Amph, Cpx(E), Bi Fe-Ti
LL6 • • 361459 PKE), Af(S), Q Amph, Opx, Bi Fe-Ti, Ap
LL7 (Group a) 361458 PKE), Af(S), Q Amph, Cpx(Chl) Fe-Ti, Ap
LL9 (Group b) 361458 PKE), Af(S), Q Amph, Cpx, Opx Fe-Ti
LLIO • * 361458 PKE), Af(S), Q Amph, Cpx, Opx Fe-Ti, Ap
LLII ' * 361458 PKE), Af(S),, Q Amph, Cpx Fe-Ti, Ap
Nanhoron (All granophyric in texture)
LL37 287330 PI, Af, Q Zr
LL38 287330 PI, Af, Q
LL39 287330 PI, Af, Q All
LL40 287330 PKE), Af, Q
LL41 287330 PI, Af, Q
LL42 288330 PI, Af, Q
LL43 288330 PKE), Af, Q
LL44 288330 PKE), Af, Q
LL45 288330 PI, Af, Q
LL46 288330 PI, Af, Q
























Major Minerals Minor Minerals Accessory
Minerals
Llanbedrog (All granophyric in texture)
LL54 330304 PKS), Af, Q Amph(Chl)
LL55 330304 PKE), Af(S), Q Amph(Chl)
LL56 330304 PKE), Af(S), Q Amph(Chl)
LL57 331304 PKE), Af(S>, Q Amph Zr
LL5B 331304 PI, Af(S), Q Amph Zr
LL59 331304 PI, Af, Q Amph
LL60 331305 PI, Af, Q Amph
LL61 331305 PI, Af(S), Q Amph
LL62 331305 PI, Af(S), Q Amph Zr
1163 331305 PI, Af(S), Q Amph Zr
LL132 332304 PI, Af(S), Q Amph
LLI33 332304 PI, Af(S), Q Amph
LL134 335305 PI, Af(S), Q Amph Zr, Ep
LLI35 335305 PI, Af(S), Q Amph Zr
Penrhyn Bodeilas (All slightly granophyric)
LL64 319421 PI, Af(S), Q Amph, Cpx(Chl) Zr, Ap, Fe-Ti
LL65 319421 PI, Af(S), 0 Amph, Cpx(Chl) Zr, Ap, Fe-Ti
LL66 319420 PI, Af(S), Q Amph, Cpx(Chl) Zr, Fe-Ti
LL67 319420 PI, Af(S), Q Amph, Cpx(Chl) Zr, Ap, Fe-Ti
LL68 319420 PI, Af(S), Q Amph, Cpx(Chl) Zr, Ap, Ep, Fe-
Gurn Ddu (All with Granophyric patches)
LL69 393466 PI, Af(S), Q Amph(Chl), Opx Ep, Ap, Zr, Fe
LL70 393466 PKE), Af(S), Q Amph(Chl) Ap, Zr, Fe-Ti
LL71 394466 PKE), Af(S), Q Amph(Chl) Ap, Zr, Fe-Ti
LL72 394466 PKE), Af(S), Q Amph(Chl), Opx Ap, Zr, Fe-Ti
LL73 395469 PKE), Af(S), Q Aaph(Chl) Ap, Zr, Fe-Ti
Key:
PI Plagioclase





















Major Minerals Minor Minerals Accessory
Minerals













Af(S), PI, Q 
PI, Af(S), 0 
PI, Af(S), Q 
PI, Af(S), Q 









Fe-Ti, Ap, Zr 
Fe-Ti, Ap, Zr 
Sph, Fe-Ti, Ap, Zr 
Ap, Fe-Ti, All 
Ap, Fe-Ti













Af(S), PKE), Q 
Af(S), PKE), Q 
Af(S), PKE), Q 
Af(S), PKE), Q 
















































































Major Minerals Minor Minerals Accessory
Minerals
Sarn Pentyrch (All porphyritic in texture)
LL125 424417 Af, PI, 0 Opx(Chl) Ep, Zr, Bi
LL173 425418
LL174 425418
LL175 425419 Af(S), PKE, Chi) Opx(E)
LL176 425419
LL126 Q, Af(S), PKE) Opx, Cpx Fe-Ti
LLI27 Q, Af(S), PKE) Opx, Cpx Fe-Ti
LL128 Q, Af(S), PKE) Opx, Cpx Fe-Ti, Zr
LL129 Q, Af(S),Pl Opx
LL130 Q, Af(S), PKE) Opx, Cpx Fe-Ti, Zr
LL131 Q, Af(S), PKE) Opx, Cpx Fe-Ti, Zr
























Name of Grid 
Lavas Reference
Major Minerals Minor Minerals Accessory
Minerals
Moel-y-Penmaen






LL151 337388 PKS, Chi) Cpx Fe-Ti
All Porphyritic in Texture
LL142 (1) 315386 PI, Af(S) Opx(E), Cpx Fe-Ti, Ap
LL143 <2) 314385
LL153 (3) 292335 CpX Ap
LL154 (4) 298372 PKS) Fe-Ti
LL155 (5) 298371 PICS')
LL156 (6) 311360 PI
LL163 (7) 375376
(1) Near Boduan <5) Near Fridd Farm
(2) Near Boduan (6> Near Bodgadle
(3) Near Nanhoron (7) Near Pwllheli
(4) Near Fridd Farm
Key:
PI Plagioclase (E) Epidotised All Allanite Opx Orthopyri
Af Alkali feldspar Cpx Clinopyroxene (S) Sericitised Bi Biotite
Q Quartz Fe-Ti Fe-Ti oxide (Chi) Chloritised Ep Epidote
Amph Amphibole Ap Apatite Zr Zircon Sph Sphene
120
Appendix ^  
A n a ly t ic a l  Data
Nottinoham
LLl LL2 LL3 LL4 LL5 LL6 LL7 LL9 LLIO LLll
(a) (a) (a) (a) <b) <b) (a) (b) (b)' (b)
SiO 61.59 60.85 61.69 61.92 66.70 67.02 62.28 66.12 -66.43 67.22
1.39 1.44 1.47 1.42 0.51 0.52 • 1.36 0.51 0.49 0,50
P 2„3 15.06 14.87 15.36 15.35 15.91 16.23 - 15.45 15.41 15.78 16.081.74 1.79 1.86 1.80 0.90 0.92 1.73 0.83 0.89 0.90Feu 4.64 4.77 4.96 4.81 2.40 ,2.45 4.62 2:21 .2.36 * 2.40
MnO 0.14 0.14 0.15 0.15 0.08 0.09 0.14 0.07 0i09 0.08
MgO 1.64 1.54 1.83 1.67 0.89 0.84 1.76 0.80 0.96 0.90
CaO 3.82 3.96 3.89 3.93 1.75 1.75 3.88 1.88". 1.66 1.79
4.58 4.56 4.78 4.70 5.00 5.24 4.55 4.89 5.13 5.19
A 3.20 3.05 3.08 3.13 4.31 4,26 3.21 4.22 4.33 4.26
% 0.54 0.55 0.57 0.57 0.18 0.18 0.58 0.17 0.18 0.18
Total 98.34 97.52 99.64 99.45 98.63 99.50 99.56 97.11 98.30 99,50
Ba 573 517 502 508 578 568 565 596 539 577
Ce 92 90 104 92 76 83 98 83 86 85
Or 9 13 15 12 13 10 12 13 12 20
Cu 11 10 12 9 4 5 8 4 6 5
Ni 0 3 0 2 0 0 0 0 0 0
Nb 32 31 32 33 35 34 31 35 34 35
Pb 14 16 16 18 19 20 17 21 21 18
Rb • 73 70 71 70 94 89 74 94 97 90
Sr 381 391 377 382 209 217 378 221 210 206
Th 7 4 2 2 10 14 6 8 8 7U 0 0 3 2 3 2 2 2 2 2
Y 45 43 42 45 39 38 44 37 41 362n 75 74 78 79 49 53 77 50 57 54
Zr 509 508 510 511 545 538 510 557 537 555
• fllz . IZ^ IZmiAi. -11.08 % 1L8I 15.20 Î4;35 12.61 15.70 " 14.19 14:70
C 0 0 0 0 0.27 0.25 0 0 0.07 0.11
Or 18.91 15.03 15.28 18.50 25.47 25.18 18.97 24.94 25.59 25.18
Ab 38,76 38.58 40.44 39.77 42.30 44.24 38.50 41.38 43.40 43.91
An 11.09 11.10 11.36 11.55 7.51 7.51 12.26 7.64 7.06 7.71
Di 3.61 4.14 3.51 3.53 0 0 2.66 0.48 0 0
Hy 7.33 6.93 8.23 7.68 5.19 5.14 8.12 4.41 5.35 5.23
Mt 2.52 2.60 2.70 2.61 1.31 1.33 2.51 1.20 1.29 1.3111 2.64 2.73 2.79 2.70 0.97 0.99 2.58 0.97 0.93 0.95
Ap 1.27 1.30 1.35 1.35 0.43 0.43 1.37 0.40 0.43 0,43
Key:
0 Element or oxide was below detection limits
nd not detected
< below detection limit
Nottinoham
LL37 LL38 LL3? LL40 LL41 LL42 LL43 LL44 LL45 LL46 LL47
73.58 74.05 74.01 73.50 74.37 74.04 74.09 75.06 74,99 73.72 73.36
TO 0.25 0.26 0,24 0.27 0,25 0.25 0.22 0.24 0.26 0.26 0.26
Î 2 3 10.60 10.47 10.51 10.29 10.20 10.45 13.07 10.66 10.18 10.48 10.191.05 1.05 1.06 1.07 1.09 1.07 0.97 1.02 1.13 1.03 1.12
FeO'^ 2.81 2.81 2.83 2.85 2.90 2.85 2.58 2.71 3.01 2.75 3,00
MnO 0.11 0.1! C.!l 0.11 0.11 0.12 0.12 0.10 0.11 0.10 0.12
MgO 0.06 0.04 0.07 0.06 0,06 0.07 0.02 0.03 0.05 Û.04 0.07
CaO 0.31 0.25 0.26 0.28 0.30 0,27 0.34 0.23 0.27 0.22 0.18
Na 0 3.99 4.50 4.38 4.27 4.39 4.40 3.52 3.96 5.09 4.38 4.39
y 5.10 4.57 4.71 4.64 4.64 4.62 5.48 5.13 3.75 4.65 4.61
2^^ 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02
Total 97.88 98.13 98.20 97.36 98.32 98.16 100.42 98.93 98.86 97.65 97.32
Ba 49 41 58 37 63 49 45 44 67 52 59
Ce 172 226 189 189 217 207 184 218 245 246 • 239
Cr 1 1 3 8 4 3 11 4 1 4 2
Cu < < < 2 < 3 3 < < 3 <
Ni 6 6 5 7 7 5 2 5 6 8 7
Nb 76 85 78 80 81 79 78 84 96 97 96
Pb 23 32 31 29 28 25 15 15 21 29 30
Rb 190 159 156 156 154 155 213 199 120 177 165
Sr 14 12 7 8 8 10 14 15 8 11 9
Th 16 18 16 19 14 16 25 24 26 32 30
U 2 1 2 < 3 < 2 3 3 4 1
Y 117 137 126 124 129 131 122 140 153 155 150
2n 150 160 151 143 148 160 139 143 155 161 172
Zr 881 1010 947 884 990 949 892 1042 1116 1144 1136
Otz 31.39 32.19 31.96 32.23 33.14 32.16 30.18 32.95 33,64 32.00 32.18
C 0 0 0 0 0 0 0.76 0 0 0 0
Or 30,14 27.01 27.84 27.43 27.43 27.31 32.39 30.32 22.16 27.48 27.25
Ab 26.13 28.41 27.84 27.10 26.63 28.03 29.78 26.27 31.49 28.02 26.75
An 0 0 0 0 0 0 1.62 0 0 '0 D
Di 1.25 0,99 1.03 1.12 1.26 1.07 0 0.90 1.07 0.85 0,68
Hy 4.44 4.51 4.63 4.55 4.60 4.65 3.85 4.36 4.86 4.45 5.12
Mt 0 0 0 0 0 0 1.41 0 0 0 0
11 0.48 0.49 0.46 0.51 0.48 0.48 0,42 0.46 0.49 0.49 0.49
Ap 0,05 0.05 0.05 0.05 0.02 0.05 0.02 0.05 0.05 0.05 0.05
Ac 3.04 3.04 3,07 3.10 3.15 3.10 0 2.95 3.27 2.98 3.24
Ns 0.97 1.45 1.34 1.28 1.61 1.32 0 0.90 1.83 1.32 1.56
Key;
0 Element or oxide was below detection limits
nd not detected
< below detection limit
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LL54 LL55 LL54 LL57 LL58 LL59 LL40 LL41 LL42 LL43
WO. 74.03 73,81 73.31 74.37 70.37 74.35 73.00 74.24 73.55 74.43
0.19 0.18 0.18 0.14 0.17 0.14 0.14 0.14 0.14 0.14
c 2„3 12.60 14,32 14.24 12.91 11.73 13.80 14.04 14.10 13.70 14.240.49 0.43 0.47 0.44 0.44 0.42 0.42 0.44 0.39 0.37
Feu 1.30 1.14 1.24 1.18 1.22 1.11 1.13 1.14 1.03 0.99
HnO 0.04 0.10 0.14 0.04 0.05 0.07 0.04 0.04 0.04 0.04HÇfù 0,17 0.12 0.11 0.13 0.17 0,14 0.13 0.14 0.12 0.08
CaO 0.81 0,85 1.02 0.50 0.28 0.58 0.20 0.18 0.J9, 0.28
ÜV 4.09 4.08 3.82 4.17 3.84 4.24 4.39 4.32 4.24 4.20
% 4.97 5.15 5.14 5.21 5.24 5.34 5.43 5.47 5.41 5.22
% 0.03 0.02 .0.03 0.03 0.03 0.02 0.03 0.03  ^0.03 0.02
Total 98.74 100.20 99,74 99.14 93.58 100,23 98.97 100.30 98.84 100,25
Ba 480 489 474 483 441 478 482 503 474 473
Ce 139 159 141 139 143 142 139 144 r 152 131 •
Cr < 24 0 < 19 2 1 < < 8
Cu 1 0 4 1 < < 3 < 1 4
Ni 4 0 0 5 7 4 5 5 5 0
Nb 48 50 51 50 47 48 43 43 44 52
Pb 20 28 29 27 24 27 27 24 24 20
Rb 152 144 145 149 144 144 147 143 142 171
Sr 39 37 41 33 18 24 14 14 18 21
Th 18 14 14 17 13 17 8 14 4 14
U 2 3 3 < < 3 5 1 3 0
Y 87 79 85 90 89 89 83 68 90 84
Zn 40 54 48 51 52 49 57 41 44 51
Zr 232 250 252 241 224 214 220 210 232 238
Otz 29.03 27.48 28.71 28.49 24.75 27.14 25.44 24.94 27.05 28.95
C 0 0.53 0.40 0 0 0.04 0.45 0.81 0.59 0
Or 29.37 20.43 30.49 30.79 30.97 31.54 32.09 32.33 31.97 30.85
Ab 34.45 34.51 32.32 35.28 31.14 35.87 37.14 34.50 35.87 35.53
An 1.34 4.08 4.84 1.12 0 2.74 0.79 0.49 0.74 1.25
Di 2.14 1.00 1.03 0 0 0 0 0 0 0
Hy 1.09 1.92 2.14 1.45 1.93 1.90 1.84 1.92 1.47 1.52
Ht 0.71 0.42 0.48 0.43 0 0.40 0.40 0.43 0.54 0.53
il 0.34 0.34 0,34 0.30 0.32 0.30 0.30 0.30 0.30 0.30
Ap 0.07 0.04 0.07 0.07 0.07 0.04 0.07 0.07 0.07 0.04
Ac 0 0 0 0 1.31 0 0 0 0 0
Na 0 0 0 0 0 0 0 0 0 0
Keys
0 Element or oxide was below detection limits
nd not detected 
 < below detection limit
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LU5 LL44 LL47 LL48 LL143 LL125 LL140 LL155 LUS
WO, 42.77 43.22 42.47 42.84 43.40 45.52 44.47 54.08 44.14
Tio; 0.84 0.74 0.81 0.84 0.94 0.48 0.34 1.41 1.81
14.27 14.49 15.94 14.03 14.55 14.05 14.49 15.14 15.24
1.40 1.50 1.54 1,42 2.37 1.43 1.42 3.14 3.44
FeO^ 4.30 4.02 4.19 4,34 4.31 4,34 3.78 8.42 9.18
MnO 0.17 0.15 0.14 0.17 0.24 0.17 0.21 0.27 0.15
MgO 1.54 1.33 1,47 1.39 1.54 0.41 1.17 1.73 8.0!
»CaO 2.84 2.50 2.70 2.75 3.11 1.04 1,24 3.70 9.84
Na,0 5.43 5.81. 5.92 5.84 3.78 4.51 4.03 4.19 2.44
K,0 • ' 3.41 3.*45 3.47 3.35 3.48 4.19 3.58 1.34 0.38
^“5 . 0.3? - 0.35 0.37 0.40 0.39 0.14 0.09 0.58 0.15
Total f?.7B 99.54 99,28 99.59 100.13 94.72 99.04 94.04 94.82
8a 574 427 595 598 858 450 422 712 328
Ce 12? 102 107 124 122 124 127 115 9
Cr 10 11 11 8 11 5 14 13 422
Cu 11 4 8 5 11 7 2 8 79
Ni 0 2 2 0 3 0 0 0 148
Nb 47 45 48 47 48 51 55 50 2
Pb 14 14 19 11 14 24 15 23 7
Rb 41 45 44 57 87 109 42 24 11
Sr 323 293 294 295 274 121 251 732 477
Th 2 3 5 2 5 12 5 9 0
U 2 2 3 1 2 3 3 3 0
Y 53 49 51 51 48 73 42 45 24
Zn 88 84 91 83 144 103 117 144 88
Zr 745 494 730 745 527 573 794 412 114
Qtz 7.49 7.79 4.49 7.31 14.45 17.72 9.14 12.22 0
C 0 0 0 0 0 0.55 0.42 1.33 0
Or 20.15 20.39 20.50 19.80 20.54 24.74 21.14 8.42 2.24
Ab 47.43 49.15 50.08 49.58 31.98 35,15 51.01 35.45 35.45
An 9.05 8.73 4.73 7,54 12.44 4.21 5.44 14.54 29.51
Di 2.08 1.14 3.55 2.92 0.35 0 0 0 14.97
Hy 8.34 7.92 7.24 7.54 12.14 7.44 8.47 15.33 11.89
Mt 2.31 2.17 2.24 2.34 3.43 2.34 2.05 4.58 4.98
11 1.59 1.40 1.53 1,59 1.82 0.99 0.48 2.47 3.43
Ap 0.92 0.82 0.87 0,94 0.92 0.37 0.48 2.47 0.35
Ac 0 0 0 0 0 0 0 0 0
Ns 0 0 0 0 0 0 0 0 0
Key;
. .0 .Element.or oxide was belou detection limits
nd not detected 
< below detection limit
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LL70 LL72 LL74 LL75 LL74 LL77 LL78 LL79 LL80 LL81 LL83
% 43,22 43.34 43.92 43,49 45.39 45.04 44.92 44.87 44.04 45,83 44.42
TO 0,94 0.88 0.75 0.71 0.47 0.71 0.74 0.75 0.44 0.50 0.47
A1 63 15.24 14,48 14.77 14.20 15.02 15.08 15.19 14.99 17.88 14.34 18.11
1.95 1.94 1.71 1.79 1.41 1.44 1.74 1.74 1.34 1.45 1.38
FeD ^ 5.19 5.23 4.54 4.78 4.30 4.38 4.44 4.48 3.57 3.87 3.48
HnO 0.24 0.24 0.22 0.22 0.20 0.20 0.21 0.20 0.18 0.23 0.20
MgO l.!2 1.13 0.98 0,95 0.94 0.91 0.93 0.99 0.50 0.44 0.50
CaO 2.45 2.41 2.58 2.44 2.23 2.24 2.35 2.29 4.11 3.38 3.55
Nao 5.05 5.17 4.70 4,83 5.20 5.08 4.97 4.95 1.88 4.43 2.37
K,D 3.48 3.47 3.47 3.43 3.78 3.74 3.43 3.44 3.01 1.79 2.90
% 0.35 0.40 0.30 0.33 0.29. 0.28 0.24 0.27 0.11 0.13 0.11
Total 99.45 98.95 98.14 97.37 99.43 99.32 99.58 99.39 97.08 98.89 99.49
8a 759 599 738 427 710 495 449 483 387 313 375
Ce 138 139 128 112 118 1,11 130 133 114 120 127
Cr 12 10 7 19 9 4 10 12 8 8 7
Cu 7 8 5 3 4 5 7 5 2 5 2
Ni 0 2 2 3 0 0 2 2 0 0 3
Nb 49 44 47 48 48 49 50 49 50 54 49
Pb 18 15 28 14 17 20 20 21 18 22 20
Rb 95 80 95 91 99 98 94 101 88 52 79
Sr 301 242 287 247 244 244 239 238 141 204 137
Th 4 3 7 4 10 12 11 13 8 4 4
U 2 2 2 2 0 2 3 0 2 3 2
Y 41 41 59 44 42 42 45 43 49 49 48
Zn 129 109 115 113 110 108 114 114 101 110 104
Zr 582 570 551 547 585 572 400 591 532 559 534
Otz 10.89 11.48 14,13 14.43 12.24 13.58 13.91 14,03 30.04 23.17 31.12
C 0 0 0 0 0 0 0 0 4,32 1.28 4.88
Or 21.75 20.51 21.49 20.27 23.34 22.11 21.44 21.51 17.79 10.58 17.14
Ab 42.72 43.74 29.74 40.87 44.00 42.98 42.05 41.88 15.91 37.48 20.05
An 8.10 4.41 8.37 4.94 4.48 7.30 8.42 7,94 19.47 15.92 14.89
Di 2.34 2.33 2.11 2.57 2.29 1.49 1.31 1.42 0 0 0
Hy 8.40 8.44 7.50 7.58 7.00 7.29 7.89 8.01 4.30 4.07 4.44
Ht 2.82 2.84 2.48 2.40 2.32 2.38 2.52 2.55 1.94 2.10 2.00
11 1.78 1.47 1.42 1.35 1.27 1.35 1.41 1.42 0.84 0.95 0,89
Ap 0.82 0.94 0.71 0.78 0.48 0.44 0.41 0.44 0.24 0.31 0,24
Ac 0 0 0 0 0 0 0 0 0 0 0
Ns 0 0 0 0 0 . 0 0 0 0 0 0
Key:
0 Element or oxide was below detection limits 
nd not detected
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LLIOl LL102 LL103 LL104 LL105 LL157 LL158 LL159 LL140 LL141
WO. 59.49 57.50 54.93 58.37 59,81 42.92 42.39 42,54 41,84 59.57
Tj®7 0,91 0.83 0.82 0.92 0,98 0.94 0,97 0.90 0.98 0.94
r 2„3 13.84 13.84 13.22 14.24 15,44 14,25 14,23 14.38 14.27 13,81
2.53 2.75 2.48 2.75 2.44 2.44 2.49 2.39 2.45 2,51Feu 6.76 7.33 7.15 7.33 4,55 4.54 4.44 4.37 4.53 4.49
HnO 0.24 0.29 0.30 0.25 0.31 0.28 0.27 0.24 0,28 0,24
HgO " '.42 1.43 1.25 1.47 1.48 1.50 1.43 1.40 1.49 1.48
CaO 3.43 3.58 4.21 3.94 5,49 2,45 2.33 2.94 2.99 3,94
3.43 3.44 3.13 3.49 2.43 4.21 4.55 3.73 3.79 3.44
A - - • 3.27 3.18 3.58 3.21 2,07 3.50 3.48 3.74 3.29 3.38
%  - 0.44 0.48 0.57 0.48 0.34 0.39 0,40 0,43 0.38 0,44
Total 95.94 94,89 93,84 94.47 97.58 99,48 99.18 99,08 98.49 94,52
Ba • 702 795 940 710 455 845 948 1081 871 807Ce 118 124 112 141 114 117 129 110 122 127Cr 15 8 8 15 13 9 13 14 7 14Cu 11 10 12 11 5. 10 9 4 8 10Hi 4 3 5 0 0 3 2 3 2 3Nb 47 45 43 47 42 47 44 47 48 47Pb 17 19 19 14 14 18 15 17 18 14Rb 97 81 97 84 55 79 74 100 81 91Sr 285 213 311 281 177 190 188 411 334 405Th 4 4 4 0 4 4 4 7 10 4U 2 0 2 0 2 0 0 2 0 2Y 49 49 80 49 43 48 70 44 48 702n 138 153 149 144 133 144 145 140 139 144Zr 521 487 494 523 492 529 524 528 534 522
Otz 15.10 11.44 12.37 12.14 19.44 14.35 12.35 15.49 15,33 14,02C 0 0 0 0 0 0 0 0 0 0Or 19.33 18.80 21.14 18.97 12.24 20.49 21.14 22.10 19.44 19.97Ab 29.42 30.97 24.48 29.53 22.25 35.42 35.49 31.55 32.04 29.10An 12.71 12.00 11.45 13.77 24.27 9,45 7.83 11.45 12.21 12,24Di 1.22 2.25 4.91 2.25 0.44 0.81 0.94 0.27 0.11 3,73Hy ' 12.14 12.77 10.71 13.14 12i31 12.27 12.11 12:02 13.01 10:88Ht 3.47 2.99 3.89 3.99 3.57 3.57 3.41 3.44 3.55 3,4311 1.73 1.58 1.54 1.75 1.84 1.82 1.84 1.70 1,84 1.82Ap 1.04 1.13 1.35 1.13 0.80 0.92 0.94 1.01 0.89 1,08Ac 0 0 0 0 0 0 0 0 0 0Ns 0 0 0 0 0 0 0 0 0 0
Key;
0 Element or oxide was below detection limits
nd not detected 
( below detection limit
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Total 97.18 95.99 99.39 • 98.40 98.33 99.40 99.00 98,30 98,15 95.75
Ba 441 758 419 401 384 325 401 581 277 484
Ce 72 72 *122 111. 114 109 134 114 99 117
Cr 45 40 10 11 10 9 10 13 25 27
Cu 14 14 7 8 8 10 10 5 5 4
Ni 15 8 • 0 2 2 0 2 0 2 2
Nb 24 29 45 44 44 45 44 44 43 52
Pb 11 14 9 14 ■ 12 10 14 17 7 10
Rb 21 20 43 14 17 17 21 32 59 30
Sr 458 583 542 545 548 537 515 590 434 775
Th 0 4 2 0 5 2 2 5 0 3
U 0 3 0 0 0 0 0 0 0 0
Y 34 41 41 40 40 40 41 41 59 47
Zn 84 101 144 144 144 143 140 140 139 208
Zr 289 371 513 518 514 518 518 509 501 432
Otz 11.14 15.30 7.53 8.73 8.39 8.54 8.23 9.58 15,04 4.82
C 0 0.09 0 0 0 0 0 0 0 0.45
Or 0 4.24 14.78 4.32 4.24 5.73 7.21 12.47 9,51 8.84
Ab 24.79 22.92 34.94 39.00 37.05 39.08 38.58 31.55 4.45 35.45
An 25.85 21.88 14.03 15.33 , 14.49 14.47 15.79 I7,M 42,80 18.19
Di 8.08 0 3.47 4.85 4.20 3.94 4.94 2.94 1.08 0
Hy 15.90 18.80 13.55 14.49 15.98 15,94 14.83 15.48 15.45 14.92
Mt 4.30 4.42 4.03 4.29 4.50 4.34 4.29 4.20 4.14 4.74
II 5.14 5.24 2.79 2,98 3.09 2.00 2,98 2.82 1.99 2.81
Ap 0.99 1.03 2.07 2.21 2.17 2.12 2,14 2.12 1,43 1.51
Ac 0 0 0 0 0 0 0 0 0 0
Ns 0 0 0 0 0 0 0 0 0 0
Key;
0 ...Element or .oxJJ e  u i s . , M m  M ê i e c t i M  Jiai ts
nd not detected
( below detection limit
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